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ABSTRACT 
  Two 3-week experiments were conducted, each using 480 day-old male broilers placed 
randomly among 96 battery cages (5 per cage; 680cm2 per bird), to evaluate the influence of 
phytase supplementation, with or without supplemental xylanase, on bird performance. 
Individual body weights and cage feed weights were taken on days 0, 7, 14, and 21, and mean 
BW, body weight gain (BWG), feed intake (FI), and FCR over each period calculated. Mortality 
was recorded daily and used to calculate livability and adjust FCR in both trials. In trial 2, 
excreta was collected by cage from 14 to 21 days for bone ash analysis and left tibias were 
collected from each bird on day 21 to calculate phosphorus retention. Phosphorus-deficient basal 
diets for trials 1 and 2 were formulated to contain 0.875% Ca each and 0.13 and 0.18% available 
phosphorus (AvP), respectively. Using SAS, a 2 x 6 factorial arrangement with two levels of 
supplemental xylanase (0 and 1,500 EPU/kg) and six supplemental phytase levels (0, 100, 175, 
250, 1,000, and 1,500 FTU/kg) was applied to a GLM procedure as well as to linear, quadratic, 
and cubic polynomial contrasts to evaluate all parameters.  
 Overall, phytase effects (P < 0.05; linear, quadratic, cubic) were observed for BW, BWG, 
FI, and FCR in both trials and livability in trial 1, as well as for tibia criteria and P retention in 
trial 2. Livability in trial 2 demonstrated only a cubic response (P = 0.0074) to phytase. 
Quadratic effects of phytase on ash weight were dependent on xylanase with enzyme interaction 
being significant (P = 0.0424). Xylanase as a main effect did not significantly impact (P > 0.05) 
performance in trial 1, nor growth, FI, livability, tibia criteria, or P retention in trial 2. Trial 2 
FCR was significantly reduced (P = 0.0345) by xylanase inclusion. Body weight and gain, feed 
intake, tibia, and retention criteria were greatest and feed conversion lowest at 1,500 FTU/kg, 
regardless of trial. 
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CHAPTER 1: LITERATURE REVIEW 
Introduction 
 Phosphorus (P) is vital for efficient poultry production as it plays an important role in 
skeletal development, growth, and energy metabolism (Nelson et al., 1971; Grimbergen et al., 
1985; Waldroup, 1999; Selle and Ravindran, 2007). Dietary P sources include animal feedstuffs, 
plant feedstuffs, and inorganic supplements (phosphates). Plant material such as corn and 
soybean meal (SBM) contain P as either non-phytate phosphorus (NPP) or phytate-bound 
phosphorus (PP). Phytate P is the most abundant source of P in the diet, accounting for 50-75% 
of the total phosphorus (TP) in plant sources (Cabahug et al., 1999; Manangi and Coon, 2008; 
Coppedge et al., 2011). The bio-availability of phytate for utilization by the bird is low due to 
binding with phytic acid, resulting in inefficient hydrolysis of PP (Grimbergen et al., 1985; NRC, 
1994; Waldroup, 1999). Since a majority of poultry diets are corn and SBM based, comprised 
almost entirely of high-phytate plant material, these diets will always be deficient in available 
phosphorus (AvP; Fernandez et al., 1999). Phosphorus-deficient diets can cause increased 
mortality and incidence of leg disorders, as well as other effects detrimental to performance 
(Waldroup, 1999; Coppedge et al., 2011; Shastak et al., 2012a). Supplementation of inorganic P 
via animal-based protein, mineral sources, or exogenous enzymes is therefore necessary to meet 
the nutrient requirements of growing birds (Huyghebaert et al., 1980; Grimbergen et al., 1985; 
Rodehutscord and Shastak, 2013). Biological utilization of P and the amount of P are variable 
among sources however, with P content ranging 65-74% in animal by-products and 55-92% in 




To account for the variability in P availability and prevent P deficiency, nutritionists use 
a margin of safety when formulating diets, including P at levels greater than the requirement for 
growth (Waldroup, 1999; Coppedge et al., 2011). Phosphorus over-supplementation, though an 
effective method for avoiding negative consequences of feeding a P-deficient diet, is 
accompanied by two main problems of its own. First, a majority of the P used in agriculture is a 
derivative of non-renewable phosphate rock. Maintaining P sources has been projected to be one 
of the greatest challenges for sustainability of food production, as global reserves of phosphate 
rock are predicted to be completely depleted within 50-100 years (Shastak et al., 2012b; 
Rodehutscord and Shastak, 2013). Due to sources becoming more limited the cost of inorganic P 
has increased, making P one of the most expensive ingredients in poultry diets (Shastak et al., 
2012b). In addition to the rising cost and diminishing availability, P over-supplementation also 
has a negative environmental impact as excess, undigested P is excreted into the litter (Leske and 
Coon, 2002; Manangi and Coon, 2008). Albeit a valuable, nutrient-rich organic fertilizer, poultry 
litter is a primary source of P run-off (Dilger et al., 2004). Undigested P, along with nitrogen, 
also affects aquatic wildlife and drinking water quality via eutrophication of freshwater sources 
(Waldroup, 1999; Coon et al., 2002; Leske and Coon, 2002; Manangi and Coon, 2008; 
Coppedge et al., 2011; Rodehutscord and Shastak, 2013).  
In response to the environmental issues associated with over-supplementation of P, 
nutritionists have developed a variety of strategies aimed at reducing the amount of excreted P 
and meeting P requirements without increasing dietary levels (De Groote and Huyghebaert, 
1997; Waldroup, 1999; Munir and Maqsood, 2013). The most widely utilized of these strategies 




ester bonds in phytate (Selle and Ravindran, 2007). The activity of endogenous phytase in 
chickens is not high enough for complete PP hydrolysis (Manangi and Coon, 2008). Therefore, 
producers have come to rely on exogenous phytase to improve P bio-availability while sustaining 
economic performance. Phytase supplementation maximizes availability of P from phytate, 
thereby reducing the amount of supplemental inorganic P needed and lowering diet cost. This 
improvement in PP utilization is also responsible for reducing P excretion and subsequent 
environmental impact. The advantages offered by supplementing phytase do not bode a decline 
in the practice any time in the foreseeable future, suggesting instead a potential rise in demand 
for and use of dietary phytase. 
Phytate and Digestion 
 Phytic acid is naturally present in plant seeds and feedstuffs as phytate, the primary form 
of P storage in plant feed sources (Nelson, 1967). Phytate (myo-inositol 1-6-hexakisphosphate; 
IP) is an inositol ring with six phosphate groups which may bind to organic compounds (e.g. 
proteins and starches) or chelate with cations such as Ca, Mg, Cu, Fe, and Zn to form insoluble 
phytic acid salts (Selle and Ravindran, 2007). These phytate complexes increase the dietary 
requirement of bound minerals by rendering them either partially or totally unavailable for 
digestion, thus impeding their absorption (Dilger et al., 2004; Manangi and Coon, 2008; 
Coppedge et al., 2011; Walk et al., 2013). For this reason, phytate is considered an anti-nutritive 
compound. Phytate bio-availability is dependent on the breakdown of IP6 to less phosphorylated 
IP and orthophosphates (NRC, 1994). Recent reports by Zeller et al. (2015) indicate that 
solubility and digestibility of phytate is related to stronger degradation of IP6/5 versus IP4/3 




dietary phytase or by endogenous mucosal or microbiota-associated phytase, while other 
phosphatases may catalyze hydrolysis of IP1-5 (Zeller et al., 2015). Broilers have been found to 
possess adequate phytase activity in the intestinal mucosa and a high capacity for IP6 hydrolysis 
by gut-microbiota (Nelson, 1967; Maenz and Classen, 1998; Zeller et al., 2015). However, the 
efficacy of endogenous phytase is dependent on several dietary factors including feedstuff 
source, P supplementation, dietary Ca levels, and use of exogenous enzymes (Walk et al., 2014).  
The predominant factor affecting P utilization is Ca ion concentration in the small 
intestine (SI) where Ca-phytate complexes are formed (Maenz and Classen, 1998). The solubility 
of mineral complexes is influenced greatly by pH (Selle et al., 2000). The ability to chelate with 
other positively-charged, divalent mineral cations is potent, attracting and binding more strongly 
as pH gradually increases along the digestive tract (Williams, 2014). Most mineral-phytate 
complexes will be soluble in the acidic environment (pH < 3.5) of the proventriculus and gizzard 
(Walk et al., 2013). As phytate moves toward the intestines it becomes more negatively charged 
due to dissociation of phytate-bound phosphate groups (Williams, 2014). At the more neutral pH 
of the intestines (4-6), these phosphate groups have the ability to chelate strongly between two 
oxygen atoms or weakly with only one (Sebastian et al., 1998). Calcium-phytate complexes 
precipitate and reach maximum insolubility at pH between 4 and 7 (Selle et al., 2000). Thus, 
poor substrate solubility in the SI is the major limitation for phytate digestion as observed by 
Williams (2014). Supplementation of mineral P and Ca has been shown to inhibit IP6 hydrolysis 
and reduce net absorption of P (Mohammed et al., 1991). 
Phytate may impede proteolysis by inhibiting the activity of digestive enzymes. 




trypsin and Ca, a nutrient essential for their enzymatic activity (Williams, 2014). In 21-day old 
broilers fed corn and rice bran diets, Walk et al. (2013) found decreased activity of pepsin in the 
gizzard, trypsin in the duodenum, and alanyl aminopeptidases in the jejunum. Bird genotype and 
age, metabolic adaption in critical circumstances, and differences in experimental protocol may 
also affect the rate of phytate hydrolysis (Dilger et al., 2004; Manangi and Coon, 2008). Bird age 
and endogenous phytase activity have been shown to be positively correlated, with anti-nutritive 
compounds affecting older birds to a lesser degree than young birds (Nelson, 1967). Sebastian et 
al. (1998) observed differences in PP utilization among different strains of broilers.  
Use of Exogenous Enzymes 
 In addition to phytate, coarsely processed grains and high-fiber feedstuffs including 
cereal grains (e.g. corn and SBM), forages, and crop residuals contain other anti-nutritive factors 
which are not efficiently broken down by endogenous enzymes (Munir and Maqsood, 2013). The 
most relevant of these to this study are non-starch polysaccharides (NSP) such as cellulose, 
pectin, β-glucans, arabinoxylans, etc. (Coppedge et al., 2011). NSP increase intestinal viscosity, 
reduce nutrient digestibility, and impede performance by reducing body weight and increasing 
feed conversion (Bedford and Morgan, 1996; Olukosi et al., 2007). Exogenous enzymes 
including carbohydrase (e.g. β-glucanase, α-amylase, and xylanase), lipase, phytase, and protease 
have the ability to aid in the breakdown of these anti-nutritive factors. Though factors affecting 
endogenous enzymes are innumerable and not well understood, exogenous enzymes have been 
shown to enhance endogenous enzymatic activity (Munir and Maqsood, 2013).  
Most researchers believe the most likely mechanism of action for these enzymes is 




and Morgan, 1996). They are though to degrade NSP by breaking down the cell wall matrix and 
insoluble components, facilitating the release of starches, proteins, lipids, and minerals which are 
encapsulated in or incorporated into the cell wall itself (Choct, 2006). Utilization of 
carbohydrase in cereal grains containing high levels of NSP (such as wheat, barley, rye, oat, and 
triticale) has been successful in improving hydrolysis of soluble NSP, resulting in increased 
digestibility of high-fiber diets (Francesch and Geraert, 2009; Coppedge et al., 2011). Since corn 
and SBM contain low levels of insoluble NSP (8 and 16-26%, respectively) and negligible 
amounts of soluble NSP (1 and 3%, respectively; Choct, 2006), they induce low levels of 
intestinal viscosity. These diets are therefore though to benefit less from exogenous enzyme 
supplementation versus rye/wheat-based diets which are high in insoluble NSP (Olukosi et al., 
2007). However, research in corn-SBM-based diets has shown exogenous enzymes to be capable 
of enhancing performance and reducing nutrient excretion via improvements to nutrient 
digestibility (Selle et al., 2000). They may also contribute to reducing the variability of nutrient 
availability among sources, thereby improving flock uniformity and allowing for more precise 
diet formulation (Munir and Maqsood, 2013).  
There are two methods for incorporating enzymes into dietary, least-cost formulations, 
both of which require accurate knowledge of specific enzyme types and the nutrients they target 
(Francesch and Geraert, 2009). Supplementation of enzymes in standard diets without 
adjustment of nutrient levels is referred to as the “over the top” method. The second method (the 
formulation approach) involves reducing dietary nutrient levels in one of two ways. Each 
enzyme may be assigned a nutritive value in the formulation matrix based on the primary cereal 




improvements, thereby restoring the nutritional value of the diet. Each of these methods allows 
nutritionists to reduce input cost without sacrificing performance. Supplemental phytase is the 
most widely implemented and extensively studied enzyme in poultry and swine diets (Francesch 
and Geraert, 2009). The use of other supplemental enzymes is controversial despite reported 
advantages, with few having been studied in any real depth (Selle et al., 2000). In recent years 
there has been an increase in studies examining NSPase enzyme complexes used in combination 
with phytase. However, reported effects vary and are difficult to compare across studies due to 
differences in diet composition or trial methodology. 
Phytase and Phosphoric Effects 
 Though phytase is present naturally in certain feed ingredients, most plant phytases in 
purified form are highly heat-labile and have been found to be destroyed within minutes at 
processing temperatures greater than 70°C (Williams, 2014). Due to this heat-instability and 
subsequent destruction by high-temperature processing of poultry feed, plant phytases may not 
efficiently hydrolyze PP from plant sources and are therefore less effective than supplemental 
phytases (Cabahug et al., 1999). Microbial phytases can be produced by a wide variety of 
microbial sources including fungi (e.g. Aspergillus ficcum, Aspergillus oryzae, and Penicillum), 
bacteria (e.g. Escherichia coli and Bacillus subtilis), and yeast (e.g. Pichia pastoris and 
Saccharomyces cervisiae) (Munir and Maqsood, 2013). The first commercial phytase with the 
ability to reduce P excretion was a derivative of Aspergillus niger introduced in 1991 in response 
to Netherlands’ legislation requiring a reduction in environmental pollution by P (Selle and 
Ravindran, 2007). There are currently two types of exogenous phytases commercially available, 




Depending on their source, phytases operate using different pathways for degradation by way of 
a variety of positional inositol phosphate isomers (Zeller et al., 2015). Phytase activity is 
expressed in phytase units (FTU) and defined in terms of inorganic P released from phytate, 
where 1 FTU equals the amount of enzyme needed to release 1 μmol of inorganic P per minute 
from 5.1 mM sodium-phytate at 37°C and pH 5.5 (Williams, 2014). The first reports of 
endogenous phytase activity in poultry were produced by Maenz and Classen (1998). 
Supplemental phytase can be used to combat the low availability of PP in the diet and 
associated effects on performance. The magnitude to which efficiency of IP hydrolysis is 
improved by phytase depends on many factors including phytase type and dose, PP solubility 
and susceptibility to phytase, phytase efficacy, and Ca level (Walk et al., 2013). Cultured 
phytases have a wide range of optimum pH (2.2-7.5) and temperature (35-63°C) with those 
currently available for commercial application having considerably low pH activity requirement 
(Williams, 2014). The main digestive sites of phytate are the crop, proventriculus, and gizzard. 
IP6 and IP5 have a greater number of phosphate groups bound to the inositol ring than lower IP. 
Thus, higher IPs have greater molecular weights leading to low solubility in the SI (Schlemmer 
et al., 2001). As the number of higher IPs entering the SI increases, the anti-nutritive effects of 
phytate become greater (Williams, 2014). Since phytase activity is limited to the proximal end of 
the gastrointestinal (GI) tract, dephosphorylation of higher IP must then occur as quickly as 
possible to prevent their passing into the duodenum (Williams, 2014). Theoretically, endogenous 
phytase could completely degrade IP. Realistically, digestive tract feed-retention time and 




reduction in higher IP reaching the SI, not complete IP hydrolysis, is the primary role of dietary 
phytase according to (Cowieson et al., 2011).  
To this end, Liebert et al. (1993) conducted a study using 1,000 FTU/kg supplemental 
phytase which found no recovery of phytase in the small intestine. However, the study did find 
21% recovery of phytase activity in the proventriculus and 45% recovery in the crop. This was 
backed by Selle and Ravindran (2007) which similarly claimed that exogenous phytase acts 
primarily in the acidic environment of the crop. Increasing feed retention time in the crop allows 
exogenous phytase to hydrolyze a greater number of higher IP, thereby increasing the efficacy of 
endogenous phytase on lower IP in the upper SI. Additionally, Schlemmer et al. (2001) reported 
that lower phytate esters are less likely to chelate with divalent mineral cations, increasing their 
availability for binding and degradation by endogenous phytases. Efficiency of supplemental 
phytase may be reduced if crop pH is too high. However, crop pH can be lowered using organic 
acid supplements (e.g. glutamic acid and citric acid; Williams, 2014). Reduction of crop pH from 
6.0 to 5.4 has been shown to enhance phytase activity and increase bone ash percent (Nelson et 
al., 1971). Phytases with improved functional properties (e.g. thermo-stability) as well as greater 
potential for intestinal phytase hydrolysis are being sought continuously (Dilger et al., 2004). 
Phytase efficacy is also influenced by dietary factors including dietary levels of NPP and 
Ca, and other mineral supplements used (Denbow et al., 1995; Sebastian et al., 1996; Cabahug et 
al., 1999). Mitchell and Edwards (1996) found that Vitamin D3 and its primary isomers (1-α-
hydroxylated cholecalciferol and 1,25-dihydroxy-cholecalciferol) may enhance intestinal phytase 
production or activity, thereby enhancing P absorption. Vitamin D3 isomers may also work in 




et al., 1991). Diets with low NPP have shown greater responses to phytase at various inclusion 
levels than those with higher NPP. For example, in diets with NPP levels of 0.20, 0.27, and 
0.34%, Denbow et al. (1995) observed increased body weight gain (BWG) and feed intake (FI) 
along 7 phytase inclusion levels ranging 0-1200 FTU/kg. The amount of NPP that can be spared 
by using phytase, called P-equivalency (Denbow et al., 1995), is based on performance and 
retention and relates directly to the amount of PP hydrolysis (Manangi and Coon, 2008). The 
increased sensitivity of low NPP diets is due largely to inefficient PP hydrolysis and nutrient 
utilization (Qian et al., 1996; Sebastian et al., 1996). Although most studies mentioned used 
corn-SBM-based diets, wheat-SBM-based diets low in NPP have also been found to respond 
positively to addition of exogenous phytase (Cabahug et al., 1999).  
Dietary Ca, alongside NPP, is speculated to control the activity of mucosal phytase 
(Williams, 2014). Therefore, providing adequate concentrations of Ca and NPP in the correct 
ratio is an important factor in promoting P retention and bone deposition rather than resorption 
(Manangi and Coon, 2008). Phosphorus retention can be increased by decreasing dietary NPP. 
However, this correlates with decreased Ca retention which Manangi and Coon (2008) suggest 
may be a result of increased pH in the digestive tract and subsequently decreased mineral 
solubility. Supplemental phytase increases the bioavailability of both P and Ca (Williams, 2014). 
Most studies evaluating PP hydrolysis relative to dietary NPP use only 1-3 inclusion levels, 
making it difficult to develop optimum hydrolysis regression curves (Denbow et al., 1995; 
Mitchell and Edwards, 1996). Optimum PP hydrolysis relative to dietary Ca could be studied 
using a larger range of NPP with a fixed level of Ca, but research in this area is currently lacking. 




example, Nelson et al. (1971) found that bone ash increased with phytase supplementation in 
broilers fed corn-SBM-based diets containing 0.18-0.24% PP. Similarly, Broz et al. (1994) 
reported 4.17, 4.87, and 7.79% increases in tibia ash when feeding 125, 250, and 500 FTU/kg 
phytase, respectively. Using diets with 0.6, 1.0, and 1.25% Ca, Sebastian et al. (1996) reported 
bone ash increase to be independent of dietary Ca concentration.  
 Much of the previous research has reported improvements in BW, BWG, FI, and FE, as 
well as increased bone mineralization related to the use of exogenous phytase (Denbow et al., 
1995; Mitchell and Edwards, 1996; Sebastian et al., 1996, 1998; Cabahug et al., 1999; Boling-
Frankenbach et al., 2001; Dilger et al., 2004; Coppedge et al., 2011). Reports of increased BWG 
go as far back as Nelson et al. (1971) which noted a 33% increase in BWG when using 0.4% 
phytase in a diet with 0.24% PP. The extent of performance enhancement by microbial phytase 
depends on the type of phytase and dosage used. Generally the higher the level of supplemental 
phytase, the greater the impact on growth. One example of this is Broz et al. (1994) which saw 
growth increase by 4.6, 6.4, and 8.5% when using phytase at doses of 125, 250, and 500 FTU/kg, 
respectively. Inclusion of phytase in poultry diets is typically limited to around 500 FTU/kg for 
economic purposes (Walk et al., 2013; Zeller et al., 2015). Super-dosing employs 
supplementation of microbial phytase at levels of 1,500 FTU/kg or greater in an effort to 
maximize profit through maximum performance enhancement (Williams, 2014). By utilizing a 
nutrient matrix of 500 FTU/kg when super-dosing phytase at 1,500 FTU/kg, nutritionists are able 
to reduce P and Ca requirements as well as improve BWG and FCR (Williams, 2014). While 
supplementation at or below this level contributes to greater PP hydrolysis, super-doses of 




(Walk et al., 2014). Early research on phytase super-dosing was performed by Nelson et al. 
(1971) over a 21-day broiler study using 950-7600 FTU/kg phytase derived from Aspergillus 
ficuum. In low available Ca/P diets, Walk et al. (2013) observed improved growth performance 
(particularly FCR) when using 1,500 FTU/kg or higher phytase doses. 
Non-Phosphoric Effects of Phytase 
 The extent of performance enhancement by supplemental phytase may also be impacted 
through greater digestibility and utilization of non-phosphoric nutrients (e.g. proteins and starch) 
or by enhancement of ME The availability of proteins and amino acids is negatively impacted by 
phytate (Williams, 2014). Phytate has been reported to be capable of binding up to ten times its 
molecular weight of protein. The driving force behind complex-forming interactions between 
protein and phytate is pH. At pH below the isoelectric point of protein (pH 5-6), highly 
negatively-charged phytate binds with positively-charged protein, forming binary complexes 
(Williams, 2014). Though the physiological pH of the crop and gizzard (pH 4.5 and 3, 
respectively) promote partial protonation of phytate, its net negative charge is maintained 
causing interactions with basic amino acids such as arginine, histidine, and lysine (Cosgrove, 
1966). Intestinal pH is higher and more neutral than that of the upper GI tract, leading to the 
formation of tertiary protein-phytate complexes. However, since both phytate and protein are 
negatively charged in this environment, direct electrostatic effect between them is at a minimum 
(Williams, 2014). These phytate-protein complexes negatively impact the digestibility of 
endogenous proteins and amino acids (Cowieson and Ravindran, 2007) and cause increased 




elevation in the volume of endogenous amino acids and Na in the lumen of the SI may increase 
nutrient requirements to the detriment of performance efficiency (Williams, 2014).  
Selle et al. (2000) found phytase capable of reducing tertiary phytate-protein complexes 
in the stomach. Enzyme supplementation in high-protein ingredients (e.g. meat and bone meal) 
has been reported to increase the bioavailability of amino acids (Boling-Frankenbach et al., 
2001). Cowieson and Ravindran (2007) observed that supplementation of 500 FTU/kg phytase 
reduced ileal flow of nitrogen as well as that of most amino acids, including aspartic acid, 
threonine, serine, proline, glycine, valine, isoleucine, histidine, arginine, and cysteine. Phytase 
effects on starch and energy are much less understood than other extra-phosphoric effects. 
Though the mechanism of action is unknown, phytase use reduces the amount of phytate-starch 
binding, increasing starch bioavailability and digestion (Williams, 2014). Phytate-lipid 
interactions may cause metallic soaps (Ca-/Mg-phytate) to form in the lumen of the intestine, 
reducing energy derivation from lipids (Cosgrove, 1966). Other anti-nutritive factors may 
increase the loss of endogenous amino acids through interactions with endogenous enzymes or 
mucin and increased protein recovery in the ileum (Cowieson and Ravindran, 2007). The use of 
exogenous phytase reduces these losses and improves nutrient digestibility coefficients (Bedford 
and Morgan, 1996; Coppedge et al., 2011). As digestibility of lipids and protein is improved by 
phytase use, the amount of energy that can be derived from these compounds likewise increases. 
Thus, net increases in fat, starch, and protein digestibility may be the cause of consistently 






Phosphorus Availability and Retention 
 Phosphorus requirements are typically met using NPP from inorganic supplementation or 
with a combination of NPP and PP along with a commercial phytase to release P from phytate 
(Manangi and Coon, 2008). Because the availability of PP is so low, it may often be assumed 
that only NPP is available, leading to NPP being considered anonymous with AvP in 
formulations (Leske and Coon, 2002). In reality though, NPP availability is not 100% and some 
portion of PP is able to be utilized (Van der Klis and Versteegh, 1996; Waldroup, 1999). In most 
cases, availability is a descriptor of the potential of raw materials or diet, denoting the proportion 
of dietary P the bird can utilize to meet requirement (Rodehutscord, 2009; Rodehutscord and 
Shastak, 2013). Selection of highly available sources and precise formulation of dietary P in 
relation to P requirements would allow for reduced phosphate supplementation and diet cost, as 
well as P excretion and environmental impact (Ravindran et al., 1995; De Groote and 
Huyghebaert, 1997; Shastak et al., 2012b). However, relatively little is known about NPP and PP 
source digestibility (Leske and Coon, 2002; Coon et al., 2007). Insight into P availability is 
therefore necessary for comparing different plant, animal, and mineral sources, as well as 
improving the database for variation within one ingredient (Rodehutscord and Shastak, 2013). 
Phosphorus availability may be defined and measured in many ways. Approaches and assays for 
evaluating P availability fall into three main categories: quantitative, qualitative, and in vitro 
estimates. Only the first two will be discussed here. 
Quantitative Assays 
 Quantitative testing methods include several digestion and absorption studies as well as 




particularly for major minerals, because they produce precise measurements which can be 
directly interpreted as nutrient availability (Jongbloed and Kemme, 2002; Shastak et al., 2012b; 
Rodehutscord and Shastak, 2013). Actual quantitative values of key minerals are needed for 
nutritionists to assess the true impact of dietary formulations on bird performance and excretion 
level (Coon et al., 2002). Mineral source P retention or precaecal digestibility studies often use 
purified or semi-purified diets and are carried out on birds at one certain age (Van der Klis and 
Versteegh, 1996; De Groote and Huyghebaert, 1997; Leske and Coon, 2002). These trials have 
demonstrated the variability of P utilization among dietary sources. However, it is difficult to 
compare data across studies as it is unknown to what extent the results were affected by 
methodological approach. Differences in methodology may potentially mask the real differences 
in availability between P sources (Shastak et al., 2012b). 
Retention in Balance 
 Phosphorus retention is the main factor in determining the bird’s P requirement and is the 
basis on which P availability of raw materials is often evaluated (Rodehutscord, 2009). As such, 
it is of great economic and ecological importance to ascertain precise information about P 
retention from feed grade sources, PP, and NPP, as well as variation in poultry (Leske and Coon, 
2002; Coon et al., 2007). Retention values for ingredients which account for NPP, PP, and total 
retainable P requirements would allow nutritionists to formulate for P inclusion at levels which 
meet requirements without resulting in excessive excretion (Leske and Coon, 2002).   
Phosphorus retention can be measured using complete collection of excreta in balance 
cages and the following formula: % retention = [(total P ingested - total P excreted) / total P 




endogenous urinary loss of nutrients, these balance trials are time-consuming, costly, and not 
suitable for quick or accurate use (De Groote and Huyghebaert, 1997). The alternative to total 
collection is spot-sampling excreta along with the use of an ingestible marker in the feed. Studies 
in which excreta is spot-sampled may use a variety of markers (often chromium or titanium) to 
evaluate P availability (Coon et al., 2007). It has been suggested that balance studies should not 
be used as the major method for mineral requirement determination, but that they may have some 
use in defining mineral bioavailability and intake required to maintain an existing pool size. 
Sibbald (1982) speculates that this suggestion may have been guided by attempts to use excreta 
collection in balance trials as a way to measure true- or apparent-P retention which, up to that 
time, had been largely unsuccessful. Using an approach much like the existing nutrient balance 
system for ME evaluation, Sibbald (1982) proposed a bioassay that would determine mineral 
availability of feedstuffs. This bioassay would theoretically, indiscreetly discern the requirements 
of a test mineral since the balance of minerals is different than that of energy or amino acids. It 
was hypothesized that whereas energy and amino acid excretions do not depend on biologically 
available energy and amino acid inputs, mineral intakes in excess of the bird’s requirements 
would subsequently result in those minerals being voided as excreta (Sibbald, 1982). 
Precaecal Digestibility 
 Apparent P digestibility is calculated by finding the difference between dietary P intake 
and the amount of P excreted from the digestive and urinary tracts. Apparent P digestibility can 
include NPP and PP using the following formula: total P retained = NPP retained + PP retained 
(Grimbergen et al., 1985; Leske and Coon, 2002). When dietary P levels are low, retention and 




However, Shastak et al. (2012b) warns that retention and precaecal digestibility measurements 
may not deliver these same results when different mineral phosphorus source availabilities are 
compared. If P intake is high and in excess of the requirement, urine becomes a primary pathway 
of P excretion (Rodehutscord and Shastak, 2013). In such cases, precaecal digestibility may be a 
simpler, more effective alternative to measuring retention since the movement of P occurring at 
the terminal ileum of broilers is less sensitive to elevated intake than in retention assays (Shastak 
et al., 2012b). In the years since the first precaecal digestibility values for mineral and animal 
sources were reported by Grimbergen et al. (1985), the use of these assays in both broilers and 
laying hens has come to be considered an effective method for measuring the availability of P 
(Rodehutscord and Shastak, 2013). This is because the effects of post-ileal fermentation and 
contribution of regulatory P excretion into urine can be excluded. Under the WPSA protocol, 
precaecal digestibility is tested using a regression approach, low-P basal diets, and a minimum of 
2 levels of supplemented P from any given source, foregoing corrections for endogenous losses 
(Rodehutscord and Shastak, 2013). 
Comparative Whole-Body Analysis 
 For minerals with a low turnover rate (such as Ca and P) the total retained amount of that 
mineral is the most appropriate response criteria in animals fed diets with mineral levels deficient 
of their requirement (Jongbloed and Kemme, 2002). However, truly analyzing the entire body for 
total mineral retention is difficult, time-consuming, and unrealistic. Thus, the challenge is to 
employ a method that accurately makes a small sample representative of the whole body; a task 
which very few researchers have taken on in the analysis of P (Rodehutscord and Shastak, 2013). 




retention data is high. On the other hand, this is directly countered by the desire for retention 
assays that require less effort. The question is then raised as to whether or not P retention of an 
individual bone can be considered a reliable indicator of carcass-P retention. This question was 
first addressed in broilers by Hurwitz (1964), which observed a mean whole-body-P to tibia-P 
ratio of 19.6 in broilers. This value was based on a low number of observations though, and 
didn’t refer to retention. Hurwitz (1964) concluded that tibia-P is an acceptable criterion for 
establishing carcass-P since the ratio between the two is fairly constant. Phosphorus-availability 
of toe ash, measured by slope-ratio assay, produces similar results to those obtained from 
carcass-P retention; thus, changes in toe ash are representative of changes in net phosphorus 
utilization (NPU), as demonstrated by De Groote and Huyghebaert (1997). Therefore, 
measurement of carcass-P retention is an appropriate method for determining dietary NPU of 
different P sources. 
Another issue with whole-body analysis is the difference in modern broiler strains 
compared to those 50 years ago. These differences can make results for whole-body-P to tibia-P 
ratios difficult to compare across studies. In modern broilers, imbalances between the 
developments of the many body systems have been created as a result of strenuous genetic 
selection for muscle growth over the past several decades (Williams et al., 2000). As such, there 
is a higher demand on skeletal integrity. Young chicks are rapidly developing their skeleton and 
will need more P than older birds whose bones have stopped developing. After bone growth 
slows at around 3-4 weeks of age, the amount of P needed for skeletal development eventually 




to energy metabolism and support of body weight as the modern broiler grows larger much more 
quickly (Waldroup, 1999). 
Qualitative Assays 
 Qualitative testing is comprised of several response criteria including blood, bone, and 
growth, which are evaluated individually or in combination with one another to determine the 
relative biological value of a mineral source, rather than availability or retention (Coon et al., 
2007). Relative biological value (RBV) is calculated by measuring the response criteria selected 
over a 2-3 week period while comparing a given source of P to a standard P source (Fernandez et 
al., 1999; Leske and Coon, 2002; Coon et al., 2007; Rodehutscord and Shastak, 2013). Slope 
ratio, introduced by Hurwitz (1964) is the method for evaluating RBV which is most widely 
utilized in published literature. The slope ratio method assigns a biological value of 100 to the 
standard phosphate while biological values of feed phosphates are assigned relative to that of the 
standard source (Leske and Coon, 2002; Coon et al., 2007). Though not as popular, the ornate 
method or the abscissa method may also be used. 
There are several issues with using relative bioavailability assays. As they are not 
quantitative, the true amount of P retained by the bird per unit of P source cannot be determined 
(Leske and Coon, 2002). Thus, in a feed formulation with multiple P sources, availability can 
only be expressed on a relative basis, not as a value for each source. Because of this, the data 
produced by qualitative assays has little value for use in diet formulation (Leske and Coon, 
2002). Coon et al. (2007) demonstrated that dietary P bioavailability can be variable depending 
on the source of P used as the standard, the molecular formula, and the poultry species used, 




methodological details, and experimental conditions can also alter results (Rodehutscord, 2009). 
Several factors which may influence P-utilization and cause differences in RBV include basal 
diet, animal species and/or breed, level of vitamin D3, ratio of Ca to P, and length of the trial 
period (Huyghebaert et al., 1980). Relative bioavailability assays also do not offer any insight 
into the P content of excretions (Leske and Coon, 2002).  
Blood Criteria 
 Blood was first used as a response criteria for the evaluation of P by Summers et al. 
(1959) who looked at plasma alkaline phosphatase. In the following few years, the relationship 
between dietary levels of P and blood concentrations of inorganic P was examined by a couple of 
studies, including Hurwitz (1964). More recent studies have attempted to use blood inorganic P 
and plasma alkaline phosphatase (Fernandez et al., 1999; Shastak et al., 2012a), but it is not clear 
to what degree criteria is affected by stress resulting from sampling procedures. Despite both 
their usefulness for comparing different sources of Ca and P and the attempts of these studies, 
the suitability of blood assays as a criteria for studying P availability is becoming increasingly 
questionable. Coon et al. (2002) found blood criteria relatively useless for formulating diets 
since they do not provide biological retention values, while Shastak et al. (2012a) reported blood 
serum, inorganic P, and BWG to be unsuitable criteria for P evaluations. 
Bone Criteria 
In growing birds, 20% of total P retention occurs in tissues, primarily in the form of 
hydroxyapatite, while a large majority of P retention (80%) occurs in the skeleton (De Groote 




valuable criteria for measuring P-availability. Bone status is commonly used to evaluate dietary 
mineral adequacy and bone mineralization (Onyango et al., 2003). Most studies investigating P-
availability use different bone criteria for evaluating relative biological availability, but there is 
limited information available about the relationship between them (Denbow et al., 1995; 
Ravindran et al., 1995). Formation during growth and remodeling of bone require Ca and P, the 
major minerals of the bone complex (Reichmann and Connor, 1977), to form new bone tissue 
(Williams et al., 2000). Many studies have investigated the reliability of different indicators of 
bone mineralization (tibia ash, toe ash, and radiography; Hall et al., 2003), some evaluating Ca 
and P together (Rowland et al., 1967; Reichmann and Connor, 1977), and others examining 
indicators relative to dietary concentrations of either Ca or P.  
Bone strength is greatly influenced by the extent of mineralization (Reichmann and 
Connor, 1977). Poor mineralization contributes to bone weakness and breakages in the 
processing plant may be observed which cause the downgrading of meat (Onyango et al., 2003). 
Birds with leg weakness may find it difficult to reach feeders, thus reducing FI and affecting 
ability to gain weight, egg number, and egg quality in laying hens (Rowland et al., 1967). 
Mineralization may be evaluated invasively using bone ash, breaking strength, weight, or 
volume, by non-invasively methods such as ultrasound, or by photon absorptiometry (bone 
densitometry) which can be either invasive or non-invasive (Onyango et al., 2003). The criteria 
of choice in RBV assays is typically bone ash and P, bone breaking strength, or bone 
densitometry (Rodehutscord and Shastak, 2013). The most preferred for determination of bone 
mineralization, used in 80-90% of papers (Garcia and Dale, 2006), are tibia ash and P (Hurwitz, 




Shastak et al., 2012a). Composition and percentage of P in bone ash is reasonably constant, with 
tibia-P and ash percentage forming a linear relationship with dietary-P intake in P-deficient diets 
(De Groote and Huyghebaert, 1997). The first study to use tibia ash for quantifying bone 
mineralization in poultry was Gillis et al. (1954). The tibiotarsus is used because it is easy to 
isolate and analyze and is one of the bones most sensitive to P deprivation, differences in dietary 
Ca and P concentrations, and differing source bioavailability (Hurwitz, 1964). Due to these 
sensitivities, tibia and/or toe ash has become the primary determinant of P requirement 
(Waldroup, 1999; Hall et al., 2003).  
 Other bone ashes (femur, toe, and foot) have been utilized in a number of availability 
studies due to ease of determination and high correlation with tibia ash (Garcia and Dale, 2006; 
Shastak et al., 2012a). Using biological availability studies, Ravindran et al. (1995) concluded 
that toe ash and BW are slightly more sensitive than tibia ash. Nelson and Walker (1964) found 
toe ash vastly easier to obtain than tibia ash. Compared to other parts of bone, the heads are the 
most sensitive to mineral differences because they contain the growth plates (Garcia and Dale, 
2006). Logically, it would then follow that foot ash would be a better criterion for use in bone 
mineralization assays than tibia or toe ash as the foot contains 17 separate bones and the greater 
the number of bones, the higher the number of highly-sensitive bone heads. Along these lines, 
Shastak et al. (2012a) determined that for evaluation of mineral P sources, foot ash is just as 
sensitive as tibia ash. There have been several mineralization studies investigating the potential 
replacement of bone ash with more rapid methods such as bone breaking strength (Rowland et 
al., 1967) and bone mineral density (Onyango et al., 2003; Shastak et al., 2012a), each of which 




 Different labs may use various approaches to determine bone ash. Bones may be boiled 
for different amounts of time and cleaned of flesh, extracted, dried, or ashed using different 
techniques. The most commonly used method is the labor- and solvent-intensive AOAC (1995) 
Method in which bones are boiled to loosen flesh only, stripped of adhering flesh, taking great 
care to leave the cartilage caps on, extracted for 24 hours each with ethanol and anhydrous ether, 
dried, weighed, ashed for 24 hours at 600°C, and reweighed. However, a simpler method was 
proposed by Boling-Frankenbach et al. (2001) where the tibia is autoclaved, stripped of adhering 
flesh and cartilage caps, dried, weighed, ashed for 24 hours at 600°C, and reweighed.  
Performance Criteria 
 Reports on the efficacy of growth and feed conversion as criteria for evaluating P 
availability have been variable as a range of processes in the animal are known to contribute to 
growth. Many studies have found the use of growth and feed conversion in P evaluation to be 
unsatisfactory (Nelson and Walker, 1964; Huyghebaert et al., 1980; Grimbergen et al., 1985; 
Shastak et al., 2012a). In contradiction, Summers et al. (1959) reported that a growth assay was 
just as accurate as using bone ash. Jongbloed and Kemme (2002) concluded that only at large 
differences in bioavailability or mineral supply can differences in performance be noted. It is 
clear from these scattered results that further investigation into the use of live performance 
parameters as indicators of P availability is necessary. 
Combined Response Criteria 
 Often, one or more of the qualitative approaches to evaluating P are used in combination 




percent toe ash, growth, and FI for calculating RBV in a multi-factorial regression equation. 
Several experiments have been performed which use bone ash or BWG as response criteria for 
defining the RBV of mineral phosphate sources (Gillis et al., 1954; Nelson and Walker, 1964; 
Soares et al., 1978; Huyghebaert et al., 1980; Ravindran et al., 1995; Onyango et al., 2003; 
Garcia and Dale, 2006). Grimbergen et al. (1985) measured the effect of graded phosphate 
intervals on response parameters for growth, P content of bone, and apparent digestibility in 
order to estimate RBV. Both tibia ash and BWG are preferred methods of estimating P 
availability by many researchers due to their simplistic nature (Qian et al., 1996). Similarly, 
increased bone ash, available Ca, and dietary PP have been found to directly correlate to 





CHAPTER 2: INFLUENCE OF EXOGENOUS PHYTASE LEVEL AND INTERACTION 
WITH SUPPLEMENTAL XYLANASE ON LIVE PERFORMANCE AND PHOSPHORUS 
RETENTION OF BROILERS 
 
Abstract 
  Two 3-week experiments were conducted, each using 480 day-old male broilers placed 
randomly among 96 battery cages (5 per cage; 680cm2 per bird), to evaluate the influence of 
phytase supplementation, with or without supplemental xylanase, on bird performance. 
Individual body weights and cage feed weights were taken on days 0, 7, 14, and 21, and mean 
BW, body weight gain (BWG), feed intake (FI), and FCR over each period calculated. Mortality 
was recorded daily and used to calculate livability and adjust FCR in both trials. In trial 2, 
excreta was collected by cage from 14 to 21 days for bone ash analysis and left tibias were 
collected from each bird on day 21 to calculate phosphorus retention. Phosphorus-deficient basal 
diets for trials 1 and 2 were formulated to contain 0.875% Ca each and 0.13 and 0.18% available 
phosphorus (AvP), respectively. Using SAS, a 2 x 6 factorial arrangement with two levels of 
supplemental xylanase (0 and 1,500 EPU/kg) and six supplemental phytase levels (0, 100, 175, 
250, 1,000, and 1,500 FTU/kg) was applied to a GLM procedure as well as to linear, quadratic, 
and cubic polynomial contrasts to evaluate all parameters.  
 Overall, phytase effects (P < 0.05; linear, quadratic, cubic) were observed for BW, BWG, 
FI, and FCR in both trials and livability in trial 1, as well as for tibia criteria and P retention in 
trial 2. Livability in trial 2 demonstrated only a cubic response (P = 0.0074) to phytase. 
Quadratic effects of phytase on ash weight were dependent on xylanase with enzyme interaction 
being significant (P = 0.0424). Xylanase as a main effect did not significantly impact (P > 0.05) 




FCR was significantly reduced (P = 0.0345) by xylanase inclusion. Body weight and gain, feed 
intake, tibia, and retention criteria were greatest and feed conversion lowest at 1,500 FTU/kg, 





 Plant feedstuffs include phosphorus (P) as either non-phytate phosphorus (NPP) or 
phytate-bound phosphorus (PP), the latter comprising a large, but variable majority of plant 
material total phosphorus (TP). Phytate is anti-nutritive, binding not only with P but also with 
organic compounds such as proteins, starches, and lipids and other cations including Ca, 
reducing their availability and impeding nutrient absorption (Dilger et al., 2004; Coppedge et al., 
2011; Walk et al., 2013). As most poultry diets are based on corn and soybean meal (SBM) plant 
materials which are high in PP, they will almost always be deficient in available phosphorus 
(AvP; Fernandez et al., 1999). Phosphorus deficiency is associated with increased mortality and 
higher incidence of leg problems as a result of poor bone mineralization, causing difficulty in 
reaching feeders and thereby inhibiting bird performance (Rowland et al., 1967; Shastak et al., 
2012a). Supplementation of inorganic P may be used to account for the variability in AvP among 
feed ingredients and prevent P-deficiency. However, this strategy is expensive as phosphate rock 
(the primary source used in agriculture) is becoming increasing more limited (Shastak et al., 
2012b) and is an environmental burden due to the excretion of P exceeding bird requirements 
(Dilger et al., 2004; Coppedge et al., 2011). The use of exogenous phytase in P-deficient diets 
allows nutritionists to lower diet costs by reducing the amount of supplemental P needed and to 
lessen environmental impact by decreasing nutrient excretions. 
 In addition to phytate, cereal grains such as corn and SBM contain other anti-nutritive 
factors known as non-starch polysaccharides (NSP). As NSP cannot be hydrolyzed efficiently by 
endogenous enzymes, intestinal viscosity is increased and nutrient digestibility reduced 




al., 2007). Negative effects of NSP may be countered by dietary addition of carbohydrases (e.g. 
cellulase, β-glucanase, α-amylase, and xylanase) which have been shown to improve 
performance and nutrient digestibility in poultry diets (Cowieson and Adeola, 2005; Meng et al., 
2005; Olukosi et al., 2007; Cowieson and Ravindran, 2008; Cowieson et al., 2010; Coppedge et 
al., 2012; O’Neill et al., 2012; Karimi et al., 2013; Romero et al., 2013; Kiarie et al., 2014; 
Stefanello et al., 2015, 2016; Munyaka et al., 2016; Schramm et al., 2016; Stefanello et al., 
2016; Amerah et al., 2017). 
The objectives of these studies were to evaluate the impacts of various levels of phytase 
supplementation, with or without exogenous xylanase, on growth performance and efficiency in 
AvP-deficient diets, as well as on bone mineralization and P retention in trial 2. 
Materials and Methods 
 All procedures relating to the use of live birds were approved by the University of 
Arkansas Institutional Animal Care and Use Committee (IACUC) through protocol #17013.  
Birds and Housing 
 Each trial was comprised of 480 day-old male Cobb 500 broilers randomly distributed in 
groups of 5 across 96 battery pens measuring 34 cm x 100 cm each. Supplemental feeders were 
provided at placement and were removed by day 4. Feed and water were provided ad libitum and 
birds received 24 hours of light for the duration of the study. Temperature was monitored using a 
temp gun and average temperature was calculated twice daily using readings from 10 pens in 
random positions within the battery units. An additional 20 chicks were kept for the first 4 days 





Enzymes used were phytase (EC 3.1.3.26) and endo-1,4-β-xylanase (EC 3.2.1.8). The 
phytase is a 6-phytase derived from the AppA2 gene of E. coli and expressed as a dehydrated 
Pichia pastoris fermentation extract (OptiPhos® 2000, Huvepharma Inc., Peachtree City, GA). 
The xylanase used is produced by non-GMO Trichoderma longibrachiatum using surface 
fermentation (Hostazym® X, Huvepharma Inc., Peachtree City, GA). Hostazym® X may provide 
secondary enzyme activities from cellulase, endo-1,3(4)-β-glucanase, α-amylase, and protease, 
but activities from these are not guaranteed. Therefore, the total enzyme activity of Hostazym® X 
was assumed to be provided by xylanase. Enzyme activities for phytase were measured by 
Phytex LLC, a majority-owned subsidiary of JBS United Inc. (Sheridan, IN) using the phytex 
method as described in detail by Kim and Lei (2005). Enzyme activities for xylanase were 
evaluated by Huvepharma BIOVET Laboratories for Feed Analysis (Peshtera, Bulgaria) using a 
spectrophotometric feed assay (QDC-FPC-0859-03) with an LOD of 72 EPU/kg, LOQ of 179 
EPU/kg, and 10% coefficient of variation. One phytase unit (FTU) was the amount of enzyme 
from Pichia pastoris hydrolyzing the release of 1.0 μM per minute of phosphorus from an excess 
of sodium phytate substrate at pH 5.5 and 37°C. One endo-pentosanase unit (EPU) was the 
amount of enzyme releasing low-molecular weight fragments from dyed xylan in an amount 
equal to fragments liberated from 1 standard unit of enzyme at pH 4.7 and 50°C. 
Diets and Treatments  
A basal diet was formulated for each trial to meet or exceed 3-week requirements of male 
Cobb 500 broilers for all nutrients except AvP (Table 1). Basals were formulated to provide 




and 0.18% in trial 2, compared to the recommended 0.42% AvP. Apparent metabolizable energy 
(3064 kcal/kg) was formulated to be slightly lower than the recommendation (3086 kcal/kg) in 
each trial. Phytase was expected to provide 0.1% Ca and AvP, 0.02% Na, and 37 kcal/kg ME at 
175 FTU/kg diet, 0.145% Ca and AvP, 0.03% Na, and 53 kcal/kg ME at 250 FTU/kg diet, and 
0.195% Ca and AvP, 0.045% Na, and 93 kcal/kg ME at 1,000 FTU/kg diet (per supplier 
provided nutrient release matrix). Basal diets were analyzed by WBA Analytical Laboratories 
(Springdale, AR) to confirm that Ca and P were within an acceptable range from target amounts 
prior to treatment mixing at the University of Arkansas Applied Broiler Research Farm 
(Fayetteville, AR). A total of 12 treatment diets were mixed from the basal using a 2 x 6 factorial 
arrangement with 6 levels of supplemental phytase (0, 100, 175, 250, 1,000, and 1,500 FTU/kg 
of diet) used alone or in combination with 1,500 EPU/kg diet of supplemental xylanase (Table 
2). Each diet was provided in mash form. Samples of each treatment were collected after mixing 
for each trial and were analyzed by WBA Analytical Laboratories for Ca and P (Tables 3 and 4). 
Treatment analysis in trial 2 also included dry matter, crude protein, crude fiber, fat, and ash. 
There were 8 replicate pens of 5 birds per treatment (40 birds total per treatment). Titanium 
dioxide was used in trial 2 as a marker for measuring apparent phosphorus digestibility. 
Response Variables 
Birds were weighed individually on day 0 before placement into the battery pens. 
Individual bird weights and pen feed weights were taken on days 7, 14, and 21 and used to 
calculate mean BW, body weight gain (BWG), feed intake (FI), and FCR for days 0 to 7, 7 to 
14, 0 to 14, 14 to 21, and 0 to 21. All incidence of mortality after day 4 was recorded and used to 




occurred via CO2 gas on day 21 and in trial 2 was followed immediately by collection of the left 
tibiotarsus from each bird. Excreta was collected over the 14 to 21 day period in trial 2 for 
determination of P retention.  
Tibia Ash and Phosphorus Retention 
Left tibias were grouped by pen and stored at -20° C for 72 hours. Bones were thawed, 
boiled for 10 minutes, manually stripped of all cartilage and tissue, submerged for 48 hours in 
alcohol for fat extraction, and dried for 48 hours in a fume hood. Bone groups were then dried in 
a convection oven at 105°C for 24 hours, cooled in a desiccator, weighed, ashed for 24 hours at 
600°C in a muffle furnace, cooled again in a desiccator, and reweighed to calculate bone ash 
using the following formula: Tibia ash % = (tibia ash weight / tibia weight) x 100. Excreta 
samples were stored at -20°C before being sent for analysis of P and titanium by TÜV Rheinland 
of North America (Bentonville, AR). Phosphorus retention was calculated using the following 
equation: % P Retained = [1 - [(Ti / To) x (Xo / Xi)]] x 100, where Ti and To are titanium 
concentrations in the diet and excreta, respectively, and Xo and Xi are P concentrations of the 
excreta and diet, respectively.  
Statistical Analysis 
  Statistical analysis was performed using SAS® software (version 9.4, SAS Institute INC., 
Cary, NC) utilizing the GLM procedure to calculate variable means and SEM alongside linear, 
quadratic, and cubic polynomial contrasts for xylanase, phytase, and interaction between these. 





Results and Discussion 
The objectives of these studies were to evaluate the impacts of various levels of phytase 
supplementation, with or without exogenous xylanase, on growth performance and efficiency in 
AvP-deficient diets, as well as on bone mineralization and P retention in trial 2. Dietary analysis 
of treatments (Tables 3 and 4) revealed TP to be right at formulated levels and Ca to be slightly 
greater than expected, but within an acceptable range. Enzyme activities (Tables 5 and 6) were, 
as expected, slightly greater than formulated, a common occurrence when using raw materials. 
Bird Performance 
Overall performance (day 0 to 21) for trials 1 and 2 is displayed in Tables 12 and 18, 
respectively. In trial 1, phytase significantly improved (P < 0.0001; linear, quadratic, cubic) BW, 
BWG, FI, and FCR. These responses were not dependent on xylanase as enzyme interactions 
were not significant (P > 0.05). Body weight, BWG, and FI were greatest and FCR lowest at 
1,500 FTU/kg. In trial 2, similar phytase effects (P < 0.01; linear, quadratic, cubic) were 
observed for BW, BWG, FI, and FCR which were, again, most improved at 1,500 FTU/kg. 
Xylanase as a main effect did not impact (P > 0.05) performance in trial 1, nor growth, intake, or 
livability in trial 2. However, xylanase inclusion did significantly reduce (P < 0.05) FCR in trial 
2 by 6.2, 4.4, and 2.6% over 7 to 14 day (Table 15), 0 to 14 day (Table 16), and 0 to 21 day 
periods. Xylanase interactions with phytase in trial 2, though not significant, were close enough 
to observe quadratic-like trends for BW (P = 0.0731) and BWG (P = 0.0694). Maximum weights 
for birds receiving xylanase occurred at 1,000 FTU/kg while those without xylanase were 
heaviest at 1,500 FTU/kg. Livability in trial 1 was influenced only by phytase (P < 0.0001; 




improving with subsequent increases in phytase level. In trial 2, only cubic effects (P = 0.0074) 
of phytase on livability were seen, though xylanase impact was just shy of significant (P = 
0.0533). Although interaction effects for xylanase and phytase were not significant, treatments 
fed diets containing xylanase did not experience mortality greater than 2.5% and did not differ 
significantly among phytase levels, yet those without xylanase displayed reductions in livability 
at 0 FTU/kg of up to 8.57% compared to other levels of phytase.  
The influence of phytase on BW, BWG, FI, and FCR observed in the present studies is 
consistent with improved growth and efficiency seen in previous research (Cabahug et al., 1999; 
Hall et al., 2003; Dilger et al., 2004; Olukosi et al., 2007; Manangi and Coon, 2008; Coppedge et 
al., 2011; Karimi et al., 2013; Walk et al., 2013, 2014; Zeller et al., 2015). For example, using 
diets with low NPP and medium or high phytic acid, Cabahug et al. (1999) found quadratic 
increases in FI and linear decreases in FCR by phytase. Similarly, Cowieson and Adeola (2005) 
noted linear improvements to FCR as well as to BWG as a result of phytase supplementation. 
Inversely, in a study using 8 levels of phytase ranging from 0 to 5,000 FTU/kg in diets with 
0.12% NPP, Manangi and Coon (2008) reported linear improvement of FI and quadratic 
improvements in BWG and FCR. Many other studies have noted significant increases in BW, 
BWG, and/or FI by phytase as well (Hall et al., 2003; Karimi et al., 2013; Walk et al., 2013, 
2014; Zeller et al., 2015). Inclusion of just 100 FTU/kg phytase significantly (P < 0.05) 
improved BW, BWG, FI, and FCR by 60.0, 72.6, 34.4, and 24.3%, respectively, in trial 1 and by 
39.9, 46.0, 28.0, and 12.6%, respectively, in trial 2. Body weight, gain, and feed consumption at 
1,500 FTU/kg were significantly greater (P < 0.05) than those at 0, 100, 175, or 250 FTU/kg. 




100, or 500 FTU/kg. Similar to the present studies, Hall et al. (2003) found BWG to increase 
above 750 FTU/kg. Dilger et al. (2004) however found linear increases in BWG, FI, and FE by 
phytase which plateaued at 750 FTU/kg. Karimi et al. (2013) found that neither mortality nor 
FCR was improved by phytase over 1,000 FTU/kg. Although FCR was improved by phytase 
(linear, quadratic, cubic) in both trial 1 and 2 at day 21, response to phytase in earlier periods 
was less consistent. Reported effects of phytase on FCR in the literature vary, with many studies 
observing improved FCR (Hall et al., 2003; Dilger et al., 2004; Walk et al., 2013, 2014; Zeller et 
al., 2015), while others found no improvement to FCR (Olukosi et al., 2007). Unimproved FCR 
is typically a result of proportionate increases in BWG and FI (Walk et al., 2014).  
 Performance improvements by phytase are a result of increased hydrolysis of PP and 
improved P-availability. Phytate is an inositol (IP) ring with six phosphate groups, the bonds of 
which are hydrolyzed by phytase. Therefore, when P is the limiting factor for growth we can 
expect to see significant effects of phytase on performance (Olukosi et al., 2007). There is 
limited activity of endogenous phytase in the gastrointestinal (GI) tract of broilers due largely to 
pH. Exogenous phytases have a wider range of optimal pH (2.2-7.5) allowing them to be active 
in the more acidic environment of the crop and upper GI tract. This was demonstrated by Liebert 
et al. (1993) who found 45% recovery of phytase in the crop and 21% in the proventriculus 
compared to 0 recovery in the small intestine (SI). Furthermore, higher inositols (IP5-6) have 
greater molecular weights than lower inositols (IP1-4), causing lower solubility in the SI 
(Schlemmer at al., 2001). Thus, the primary mechanism of supplemental phytase is likely the 




enabling endogenous phytase to hydrolyze a greater amount of lower IP in the ileum, as 
speculated by Cowieson et al. (2011). 
Phytase inclusion improved 0 to 21 day livability by as much as 78.8 and 5.5% compared 
to that of birds not supplemented with phytase in trial 1 and trial 2, respectively. In previous 
phytase studies, mortality was typically not reported (Hall et al., 2003; Olukosi et al., 2007; 
Coppedge et al., 2011), or was found to be minimal and not related to dietary enzyme addition 
(Cabahug et al., 1999; Dilger et al., 2004; O’Neill et al., 2012; Walk et al., 2013, 2014; Zeller et 
al., 2015). However, Karimi et al. (2013) reported supplemental phytase to reduce mortality, 
similar to the present studies. The contrasting dietary effects on livability observed in the present 
studies were attributable to high Ca:P ratios. Nutrient analysis of treatment diets in the present 
studies revealed Ca to be 0.90 and 1.01% and TP to be 0.35 and 0.44% on average in trials 1 and 
2, respectively (Tables 3 and 4). Comparatively, the Ca recommendation for 3-week old male 
Cobb 500 broilers is 0.9%. Although Ca was relatively on target, TP was severely deficient, 
averaging the recommended percentage of AvP instead and being 0.1-0.35% lower than in most 
studies reporting insignificant mortality. This severe P limitation coupled with adequate Ca 
resulted in a Ca:TP ratio of 2.6 and 2.31 in trials 1 and 2, respectively. The Ca:AvP ratio for 
trials 1 and 2 was 6.73 and 4.86 as formulated with an estimated actual ratio of 7.72 and 5.48, 
respectively. The industry-recommended Ca:AvP ratio is 2.00.  
High Ca:P ratios have negative effects on performance. Nelson (1967) reported a Ca:P 
ratio of 2.1 to impede phytate digestion. This is a result of increased precipitation of Ca with 
phytate in the GI tract due to high dietary Ca, despite the relatively weak affinity of Ca for 




P absorption, reducing bone mineralization. Birds with poor mineralization often have increased 
incidence of leg disorders causing low mobility (Rowland et al., 1967; Coppedge et al., 2011; 
Shastak et al., 2012a). Poor skeletal development in trial 1 was visually observable, impeding 
birds’ capabilities of reaching feeders, thus decreasing intake, inhibiting growth, and increasing 
mortality. Livability in trial 2 was affected to a lesser extent than in trial 1 as a result of 
significantly lower Ca:P ratio, but P was still very limiting. 
Karimi et al. (2013) reported that phytase improved performance at any level while 
xylanase did not affect performance when used as recommended, but depressed growth at double 
that dose. In alignment with the present studies, they also found no significant impact by enzyme 
interactions, indicating that phytase and xylanase have different modes of action. Enzymes with 
different targets overlap in digestion and performance and may deliver sub-additive or additive 
effects (Romero et al., 2013). For example, Olukosi et al. (2007) found that BW, BWG, and 
FCR were increased by the use of a phytase-xylanase mixture. Multiple studies have reported 
that supplementing a combination of phytase and xylanase improves performance better than 
either phytase or xylanase used alone (Cowieson and Adeola, 2005; Schramm et al., 2016).  
Improvements to FCR by xylanase, as seen in trial 2, are not uncommon, with much of 
the previous literature reporting carbohydrases to improve feed efficiency when used alone or in 
combination. For example, Coppedge et al. (2012) utilized an enzyme mixture of xylanase, β-
glucanase, α-galactosidase, and β-mannase, noting improved FCR at days 12 and 26. Schramm et 
al. (2016) reported improvement to FCR when supplementing xylanase alone. Additionally, 
improved FCR has occurred alongside improvements to other performance parameters, such as 




improvements to BWG and FCR by feeding diets with β-xylanase, α-amylase, and protease 
(XAP). Likewise, Munyaka et al. (2016) saw improvements in both BWG and FCR from using 
xylanase with β-glucanase in corn-based diets. Using diets with 1,200 U/kg xylanase and 500 
FTU/kg phytase, Kiarie et al. (2014) reported increased BWG, FCR, and AME by xylanase. 
Combined improvement of BWG, FCR, and AME were observed by Cowieson et al. (2010) 
using xylanase alone, Stefanello et al. (2015) using a mixture of α-amylase and β-xylanase, and 
Amerah et al. (2017) using XAP. It was suggested by O’Neill et al. (2012) that the mechanism of 
xylanase in corn-SBM-based diets could be increased feed use efficiency driven primarily 
through significant BWG increases with only marginal effects on FI. This may well be the case 
since improved FI by xylanase is seldom reported. Inversely, other studies did not find 
carbohydrases to reduce FCR, noting only improvements to growth or growth and AME 
(Cowieson and Ravindran, 2008) instead. Amerah et al. (2017) reported that xylanase improved 
only BWG when used alone.  
The mechanism by which carbohydrases improve performance is less understood than 
that of phytase. It is known that diets containing large amounts of plant material increase 
intestinal viscosity due to high NSP presence associated with high fiber content (Meng et al., 
2005; Munyaka et al., 2016). Therefore, most research agrees that the primary mode of action of 
carbohydrases is the reduction of intestinal viscosity through increased hydrolysis of NSP 
(Bedford and Morgan, 1996; Kiarie et al., 2014). In diets with high NSP concentrations (e.g. 
wheat, rye, barley), this may occur through targeting of soluble NSP (Kiarie et al., 2014). 
Though they are thought to benefit from carbohydrase supplementation less than high-NSP diets 




cereal grains such as corn and SBM have also been shown to react positively to carbohydrase 
inclusion, particularly in recent years (Selle et al., 2000; Cowieson and Adeola, 2005; Olukosi et 
al., 2007; Cowieson and Ravindran, 2008; Cowieson et al., 2010; Coppedge et al., 2012; Karimi 
et al., 2013; Romero et al., 2013; Stefanello et al., 2015, 2016; Schramm et al., 2016; Amerah et 
al., 2017).  
Soluble NSP comprises only 1 and 3% of corn and SBM, respectively, compared to 8 and 
16-26% insoluble NSP, respectively (Choct, 2006). As such, insoluble NSP (particularly 
arabinoxylans which account for nearly all of the insoluble NSP in corn) are the more likely 
target for xylanase in corn-SBM-based diets (Meng et al., 2005; Amerah et al., 2017). However, 
studies evaluating xylanase in both wheat-based and corn-based diets have reported 
improvements to growth and efficiency regardless of diet type (O’Neill et al., 2012; Kiarie et al., 
2014), suggesting the capability for hydrolysis of both soluble and insoluble NSP by xylanase. 
Additionally, Kiarie et al. (2014) reported a greater benefit in young birds from the used of 
xylanase, regardless of diet type, as they are more susceptible to both soluble and insoluble NSP. 
Degradation of insoluble components of the cell wall matrix by xylanase releases nutrients such 
as starch, protein, and fat which are encapsulated in or incorporated into the cell wall, thereby 
increasing accessibility of endogenous enzymes and improving performance through increased 
digestibility of these nutrients in addition to that of NSP (Bedford and Morgan, 1996; Selle et al., 
2000; Choct, 2006; Coppedge et al., 2011; Kiarie et al., 2014). Recently, improvements to AME 
with the inclusion of xylanase have occurred more consistently and are thought to be a result of 
increased nutrient availabilities increasing the amount of energy that is able to be derived from 




O’Neill et al, 2012; Romero et al., 2013; Kiarie et al., 2014; Stefanello et al., 2015, 2016; 
Schramm et al., 2016; Amerah et al., 2017). 
Tibia Ash and Phosphorus Retention 
 Bone criteria from trial 2, including tibia weight, ash weight, and tibia ash percent, are 
displayed in Table 19. Xylanase as a main effect did not significantly impact (P > 0.05) tibia 
criteria. Phytase did have significant effects (P < 0.01; linear, quadratic, cubic) on tibia weight, 
ash weight, and tibia ash percent. Phytase effects on tibia weight and tibia ash were not 
dependent on xylanase with enzyme interactions being insignificant (P > 0.05) and both being 
greatest at 1,500 FTU/kg. However, quadratic effects of phytase on ash weight were dependent 
on xylanase inclusion, with quadratic effects of xylanase and phytase interaction being 
significant (P = 0.0424). Ash weight was significantly improved by the addition of 100 FTU/kg 
in both groups with xylanase and those without. When increasing phytase from 250 to 1,000 
FTU/kg however, the increase in ash weight was significantly only in those with supplemental 
xylanase. Ash weight was greatest at 1,000 FTU/kg for birds fed diets with xylanase, and at 
1,500 FTU/kg for those fed diets without. The response of ash weight in xylanase including 
treatments was the primary contributor to the observed quadratic response to phytase. 
Having been used in up to 90% of published papers, tibia ash is one of the most preferred 
methods for evaluating bone mineralization and dietary mineral adequacy (Shastak et al., 2012a). 
Tibia ash in the present study was similar to that seen in other studies for birds at 21 days of age, 
ranging 40 to 50%. Linear, quadratic, and cubic improvements to tibia weight, ash weight, and 
tibia ash percent by phytase in trial 2 are consistent with previous research. Tibia weight at 1,500 




respectively. Similarly, Zeller et al. (2015) reported tibia weight and ash weight to be 
significantly greater at 500 FTU/kg than when phytase was not supplemented. Cabahug et al. 
(1999) reported a quadratic response of toe ash to phytase while Dilger et al. (2004) found toe 
ash to have a linear response to phytase. Additionally, Dilger et al. (2004) noted both linear and 
quadratic influences of phytase on tibia ash. Other studies have also reported improved tibia 
and/or toe ash percent associated with increasing phytase levels in P-deficient diets (Nelson et 
al., 1971; Cabahug et al., 1999; Hall et al., 2003; Walk et al., 2013, 2014). Similar to the present 
study, Karimi et al. (2013) demonstrated positive responses of tibia and toe ash to phytase, with 
xylanase having no significant effect on bone criteria.  
Growth and bone criteria are often evaluated in combination due to their simplicity (Qian 
et al., 1996). Summers et al. (1959) reported a growth assay to be just as accurate as bone ash for 
measuring availability. In agreement, Hall et al. (2003) reported a direct correlation between 
increased bone ash, higher available Ca and P, and increased BWG. Contrastingly however, De 
Groote and Huyghebaert (1997) proposed that bone criteria may be a more reliable indicator of P 
availability and retention than growth since 80% of P retention occurs in the skeleton versus only 
20% in tissue. Similar to Hall et al. (2003), combined results from trial 2 demonstrate a 
correlation between growth and bone criteria, but were in agreement with De Groote and 
Huyghebaert (1997) that bone ash may be a better indicator of P-availability.  
Li et al. (2015) proposed that ash weight may be a more accurate reflection of the 
absolute value of mineral contained in bone than ash percent. This is because ash weight is 
affected by bone size and mineralization, thus reflecting greater P and/or Ca deposition in bone 




bone ash percent is relative to the total, dry, defatted bone weight which essentially removes 
these differences and as such does not directly correlate to Ca and P deposition. Li et al. (2015) 
warns that the use of ash percent can cause under-estimation of relative phytase efficacy and 
recommends that ash weight be considered as the primary method to establish phytase efficacy 
when BW is significantly affected by diet. While improvements to BWG among phytase levels 
in the present study are consistent with those of ash weight and tibia weight, tibia ash percent is 
significantly increased at an additional level when increasing phytase from 175 to 250 FTU/kg. 
This suggests that tibia ash may actually be more sensitive to changes in phytase inclusion than 
ash weight in birds fed severely P-deficient diets. Yet, the significant quadratic effects of 
xylanase-phytase interaction on ash weight suggests that ash weight is more sensitive to xylanase 
inclusion. 
Phosphorus retention from 14 to 21 days in trial 2 can be seen in Table 20. Xylanase as a 
main effect did not significantly impact (P = 0.5131) P retention from 14 to 21 days in trial 2, nor 
did interactions between xylanase and phytase (P > 0.05). Linear, quadratic, and cubic effects (P 
< 0.01) were observed however, with P retention being greatest at 1,500 FTU/kg. Retention at 
1,500 FTU/kg was improved by 12.1, 19.6, 26.2, 24.5, and 51.1% compared to 1,000, 250, 175, 
100, or 0 FTU/kg, respectively. These results are similar to previous studies. For example, 
Cowieson and Adeola (2005) reported improved digestibility coefficients of P and Ca by 
phytase. Manangi and Coon (2008) reported a quadratic influence of phytase on apparent P 
retention with maximum retention occurring at 1,000 FTU/kg. Dilger et al. (2004) found linear 
and quadratic responses of P retention to phytase, reporting retention to be 54.5, 66.4, and 68.6% 




despite the inclusion of xylanase. This was thought to be attributable to dietary AvP which was 
0.18% in the present study and 0.24% in Dilger et al. (2004), suggesting that the levels of 
phytase and xylanase used in the present study were not sufficient to completely alleviate the P-
limitation caused by only 0.18% AvP. Negative retention observed for birds not supplemented 
with phytase may be indicative of breakdown of cells in the gut in an attempt to release P from 
the phospholipid bilayer. 
Conclusion 
From these studies it can be concluded that phytase inclusion enhances growth 
performance, feed efficiency, tibia criteria, and phosphorus retention in AvP-deficient diets. 
Though quadratic response to phytase was observed, most criteria were greatest at 1,500 
FTU/kg, suggesting that 1,500 FTU/kg may not be sufficient to entirely alleviate P-limitation in 
diets with 0.13 or 0.18% AvP. Performance enhancement by phytase resulted from significantly 
increased P availability, as evidenced by the linear response of bone ash and P-retention 
observed in trial 2. The inclusion of xylanase did not provide consistent improvement to 
performance in diets with 0.13% AvP, nor to growth in diets with 0.18% AvP. Feed conversion 
in diets with 0.18% AvP may be improved by 1,500 EPU/kg xylanase, most likely as a result of 
improved nutrient digestibility. However, as tibia criteria and P retention were not significantly 
affected by xylanase, improvements to P-availability by xylanase based on the present studies 
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Table 1. Ingredient inclusions and nutrient composition of basal diets  
Dietary Item Trial 1 Basal Trial 2 Basal 
   
Ingredient (%)   
 Corn 56.699 57.498 
 Soybean meal 36.542 35.690 
 Inert filler (sand)  0.100 0.100 
 Vitamin premix1 0.030 0.030 
 Mineral premix2 0.050 0.050 
 Poultry fat  3.882 3.797 
 L-lysine HCl  0.034 0.085 
 DL-methionine  0.276 0.255 
 Choline chloride (60%)  0.087 0.090 
 Limestone  2.117 2.026 
 Salt  0.167 0.156 
 Monocalcium phosphate  0.017 0.222 
 Total 100.000 100.000 
   
Calculated nutrient composition (%)  
AMEn kcal/kg 3,064 3,064 
Crude Protein 21.00 21.00 
Dig Lysine 1.10 1.10 
Dig Methionine 0.57 0.55 
Dig Cysteine 0.29 0.31 
Dig Methionine + Cysteine 0.86 0.86 
Dig Threonine 0.76 0.77 
Crude Fiber 3.12 3.10 
Crude Fat 6.38 6.32 
Sodium 0.09 0.09 
Potassium 0.89 0.88 
Calcium 0.88 0.88 
Available Phosphorus 0.13 0.18 
Total Phosphorus 0.39 0.43 
Ca:P 6.73 4.86 
   
Analyzed (%)   
Crude Protein - 22.26 
Dry Matter - 88.48 
Ash - 4.92 
Crude Fiber - 3.34 
Crude Fat - 5.71 
Calcium - 0.72 




1Provides per kg of diet: vitamin A 30,864,878 IU; vitamin D3 22,046,341 ICU; vitamin E 
220,463 IU; vitamin B12 53 mg; menadione (as menadione nicotinamide bisulfite) 6,005 mg; 
riboflavin 26,456 mg; d-pantothenic acid (as d-calcium pantothenate) 39,683 mg; niacin 154,324 
mg; folic acid 3,527 mg; pyridoxine (as pyridoxine hydrochloride) 11,023 mg; thiamine (as 
thiamine mononitrate) 6,173 mg; biotin 331 mg; Nutra Blend LLC., Neosho, MO 64850 
2Provides per kg of diet: Ca (as calcium carbonate) 55,500-65,500 mg; Mn (as manganese 
sulfate) 100,000 mg; Mg (as magnesium oxide) 27,000 mg; Zn (as zinc sulfate) 100,000 mg; Fe 







Table 2. Dietary treatment enzyme additions 
Treatment 








  (g/kg) (g/kg) (EPU/kg) (FTU/kg) 
      
1  0 0 0 0 
2  0 0.05 0 100 
3  0 0.0875 0 175 
4  0 0.125 0 250 
5  0 0.5 0 1,000 
6  0 0.75 0 1,500 
7  0.25 0 1,500 0 
8  0.25 0.05 1,500 100 
9  0.25 0.0875 1,500 175 
10  0.25 0.125 1,500 250 
11  0.25 0.5 1,500 1,000 
12  0.25 0.75 1,500 1,500 
1Huvepharma Inc., Peachtree City, GA 30269 
2Activity assumed to be provided by endo-1,3(4)-β-xylanase; secondary activities of cellulase, 
endo-1,3(4)-β-glucanase, α-amylase, and protease are not guaranteed and are typically negligible 
3 One endo-pentosanase unit (EPU) was the amount of enzyme releasing low-molecular weight 
fragments from dyed xylan in an amount equal to fragments liberated from 1 standard unit of 
enzyme at pH 4.7 and 50°C 
4 One phytase unit (FTU) was the amount of enzyme from Pichia pastoris hydrolyzing the 






Table 3. Mineral analysis of trial 1 diets for calcium and phosphorus 
Treatment Total Ca1 Total P1 Ca:P 
 (%) (%)  
    
1 1.00 0.36 2.78 
2 0.90 0.35 2.57 
3 0.99 0.38 2.61 
4 0.81 0.34 2.38 
5 0.95 0.35 2.71 
6 0.63 0.39 1.62 
7 1.02 0.33 3.09 
8 0.94 0.34 2.76 
9 0.90 0.33 2.73 
10 0.90 0.32 2.81 
11 0.77 0.34 2.26 
12 1.00 0.35 2.86 
1Mineral composition determined by WBA Analytical Laboratories (Springdale, AR) using 





















Total    
P6 
Ca:P 
 (%) (%) (%) (%) (%) (%) (%)  
         
1 23.49 89.63 5.01 3.05 6.30 0.71 0.43 1.65 
2 20.21 89.69 6.20 3.65 6.32 1.02 0.50 2.04 
3 19.60 89.77 5.67 3.17 5.33 1.11 0.42 2.64 
4 20.09 89.74 6.05 3.19 5.93 0.99 0.43 2.30 
5 21.86 89.69 5.73 3.31 7.62 0.83 0.39 2.13 
6 21.71 89.84 6.66 3.24 6.26 1.25 0.42 2.98 
7 22.72 89.63 5.66 3.04 5.58 0.95 0.44 2.16 
8 23.31 89.91 6.03 2.82 5.99 1.08 0.42 2.57 
9 20.58 89.74 5.54 3.28 5.86 0.70 0.44 1.59 
10 22.00 89.67 6.87 3.17 5.83 1.22 0.46 2.65 
11 19.72 89.63 5.73 3.00 6.05 0.83 0.40 2.08 
12 22.17 89.79 6.33 3.01 6.05 1.39 0.48 2.90 
1Dietary composition determined by WBA Analytical Laboratories (Springdale, AR) 
2Protein tested using AOAC 992.15; AOAC 990.03 
3Ash tested using AOAC 942.05; AOAC 923.03; AOAC 920.153 
4Fiber tested using AOCS Ba 6a-05 
5Fat tested using AOAC 2003.05 (Pet Ether); AOAC 991.36 





Table 5. Analyzed enzyme activities of dietary treatments in trial 1 
  Xylanase1  Phytase2  
Treatment  Expected Actual  Expected Actual  
  (EPU/kg)  (FTU/kg)  
        
1  0 < 151  0 < LOQ  
2  0 < 131  100 166  
3  0 < 126  175 285  
4  0 < 72  250 416  
5  0 195  1,000 1938  
6  0 185  1,500 2692  
7  1,500 1330  0 < LOQ  
8  1,500 1590  100 157  
9  1,500 1580  175 257  
10  1,500 1675  250 400  
11  1,500 1760  1,000 1718  
12  1,500 1600  1,500 2478  
1Analyzed using feed assay, QDC-FPC-0859-03, spectrophotometric; 72 EPU/kg LOD; 179 
EPU/kg LOQ; 10% coefficient of variation; Huvepharma BIOVET Laboratory for Feed Analysis 
(Peshtera, Bulgaria) 
2Analyzed using phytex method as described in detail by Kim and Lei (2005); Phytex LLC, a 






Table 6. Analyzed enzyme activities of dietary treatments in trial 2 
  Xylanase1  Phytase2  
Treatment  Expected Actual  Expected Actual  
  (EPU/kg)  (FTU/kg)  
        
1  0 230  0 0  
2  0 240  100 137  
3  0 270  175 198  
4  0 210  250 289  
5  0 190  1,000 1405  
6  0 180  1,500 2164  
7  1,500 1460  0 0  
8  1,500 -  100 127  
9  1,500 1710  175 207  
10  1,500 1640  250 326  
11  1,500 1570  1,000 1431  
12  1,500 1310  1,500 2271  
1Analyzed using feed assay, QDC-FPC-0859-03, spectrophotometric; 72 EPU/kg LOD; 179 
EPU/kg LOQ; 10% coefficient of variation; Huvepharma BIOVET Laboratory for Feed Analysis 
(Peshtera, Bulgaria) 
2Analyzed using phytex method as described in detail by Kim and Lei (2005); Phytex LLC, a 




Table 7. Average body weight of broilers receiving six levels of phytase with or without xylanase 
in trial 1  
Dietary Variables  Body Weight 
Xylanase Phytase  Day 0 Day 7 Day 14 
(EPU/kg) (FTU/kg)  (kg/bird) 
      
0 0  0.043 0.102 0.175 
0 100  0.043 0.123 0.253 
0 175  0.043 0.133 0.280 
0 250  0.043 0.141 0.295 
0 1,000  0.042 0.151 0.353 
0 1,500  0.043 0.157 0.364 
1,500 0  0.043 0.093 0.177 
1,500 100  0.042 0.133 0.270 
1,500 175  0.044 0.137 0.288 
1,500 250  0.043 0.136 0.292 
1,500 1,000  0.042 0.151 0.356 
1,500 1,500  0.042 0.157 0.355 
SEM   0.0007 0.0028 0.0080 
      
0   0.043 0.135 0.287 
1,500   0.043 0.134 0.290 
SEM   0.0003 0.0012 0.0033 
      
 0  0.043 0.098 0.176 
 100  0.043 0.128 0.261 
 175  0.043 0.135 0.284 
 250  0.043 0.139 0.294 
 1,000  0.042 0.151 0.354 
 1,500  0.043 0.157 0.360 
 SEM  0.0005 0.0020 0.0057 
      
Probabilities     
Xylanase  0.5562 0.9433 0.5515 
Phytase Linear  0.2634 <.0001 <.0001 
Phytase Quadratic  0.1552 <.0001 <.0001 
Phytase Cubic  0.1683 <.0001 <.0001 
Xyl*Phy Linear   0.3528 0.8800 0.2844 
Xyl*Phy Quadratic   0.5788 0.6331 0.7726 
Xyl*Phy Cubic   0.5337 0.2447 0.8168 
1Values within a column not sharing a common superscript differ (P < 0.05) 




Table 8. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 0 to 7 days of age in trial 1 
Dietary Variables  Live Parameters 0 to 7 Days 
Xylanase Phytase  BWG Feed Intake FCR3 Livability 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg feed/kg gain) (%) 
       
0 0  0.059 0.124 2.106 90.00 
0 100  0.081 0.142 1.761 100.00 
0 175  0.090 0.164 1.821 100.00 
0 250  0.098 0.162 1.671 100.00 
0 1,000  0.110 0.173 1.583 97.50 
0 1,500  0.113 0.183 1.615 100.00 
1,500 0  0.050 0.116 2.367 95.00 
1,500 100  0.090 0.156 1.732 100.00 
1,500 175  0.094 0.159 1.696 100.00 
1,500 250  0.094 0.164 1.753 100.00 
1,500 1,000  0.109 0.177 1.625 100.00 
1,500 1,500  0.115 0.181 1.578 100.00 
SEM   0.0028 0.0047 0.0527 1.9943 
       
0   0.092 0.158 1.759 97.92 
1,500   0.092 0.159 1.792 99.17 
SEM   0.0011 0.0019 0.0215 0.8144 
       
 0  0.055 0.120 2.236 92.50 
 100  0.086 0.149 1.746 100.00 
 175  0.092 0.161 1.759 100.00 
 250  0.096 0.163 1.712 100.00 
 1,000  0.109 0.175 1.604 98.75 
 1,500  0.114 0.182 1.597 100.00 
 SEM  0.0020 0.0033 0.0372 1.4102 
       
Probabilities      
Xylanase   0.9457 0.7670 0.2905 0.2810 
Phytase Linear  <.0001 <.0001 <.0001 0.0981 
Phytase Quadratic  <.0001 <.0001 <.0001 0.0894 
Phytase Cubic  <.0001 <.0001 <.0001 0.0007 
Xyl*Phy Linear   0.7077 0.9584 0.2459 0.7355 
Xyl*Phy Quadratic   0.7246 0.3581 0.4840 0.8656 
Xyl*Phy Cubic   0.1846 0.7857 0.0197 0.1499 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age  





Table 9. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 7 to 14 days of age in trial 1 
Dietary Variables  Live Parameters 7 to 14 Days 
Xylanase Phytase  BWG Feed Intake FCR3 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg feed/kg gain) 
      
0 0  0.073 0.141 1.968 
0 100  0.129 0.206 1.593 
0 175  0.147 0.233 1.584 
0 250  0.154 0.247 1.606 
0 1,000  0.202 0.305 1.518 
0 1,500  0.207 0.310 1.502 
1,500 0  0.084 0.210 2.467 
1,500 100  0.137 0.213 1.568 
1,500 175  0.150 0.239 1.590 
1,500 250  0.156 0.238 1.525 
1,500 1,000  0.205 0.299 1.463 
1,500 1,500  0.199 0.307 1.562 
SEM   0.0068 0.0142 0.1002 
      
0   0.152 0.240 1.629 
1,500   0.155 0.251 1.696 
SEM   0.0028 0.0058 0.0410 
      
 0  0.079 0.176 2.218 
 100  0.133 0.210 1.581 
 175  0.149 0.236 1.587 
 250  0.155 0.242 1.565 
 1,000  0.203 0.302 1.490 
 1,500  0.203 0.309 1.532 
 SEM  0.0048 0.0101 0.0709 
      
Probabilities     
Xylanase   0.4511 0.1987 0.2485 
Phytase Linear  <.0001 <.0001 <.0001 
Phytase Quadratic  <.0001 0.0002 <.0001 
Phytase Cubic  <.0001 0.0531 <.0001 
Xyl*Phy Linear   0.1784 0.1111 0.3193 
Xyl*Phy Quadratic   0.9017 0.0814 0.0348 
Xyl*Phy Cubic   0.4356 0.0524 0.0459 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age 




Table 10. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 0 to 14 days of age in trial 1 
Dietary Variables  Live Parameters 0 to 14 Days 
Xylanase Phytase  BWG Feed Intake FCR3 Livability 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg feed/kg gain) (%) 
       
0 0  0.132 0.266 2.028 57.50 
0 100  0.210 0.348 1.657 95.00 
0 175  0.238 0.397 1.674 97.50 
0 250  0.252 0.409 1.632 100.00 
0 1,000  0.311 0.478 1.540 97.50 
0 1,500  0.321 0.493 1.542 100.00 
1,500 0  0.134 0.309 2.282 32.50 
1,500 100  0.227 0.369 1.629 95.00 
1,500 175  0.244 0.397 1.629 100.00 
1,500 250  0.250 0.402 1.612 100.00 
1,500 1,000  0.314 0.476 1.519 100.00 
1,500 1,500  0.313 0.488 1.566 100.00 
SEM   0.0080 0.0134 0.0403 3.8290 
       
0   0.244 0.399 1.679 91.25 
1,500   0.247 0.407 1.706 87.92 
SEM   0.0033 0.0055 0.0165 1.5637 
       
 0  0.133 0.287 2.155 45.00 
 100  0.219 0.358 1.643 95.00 
 175  0.241 0.397 1.651 98.75 
 250  0.251 0.406 1.622 100.00 
 1,000  0.313 0.477 1.529 98.75 
 1,500  0.317 0.491 1.554 100.00 
 SEM  0.0056 0.0095 0.0285 2.7075 
       
Probabilities      
Xylanase   0.5082 0.2854 0.2445 0.1356 
Phytase Linear  <.0001 <.0001 <.0001 <.0001 
Phytase Quadratic  <.0001 <.0001 <.0001 <.0001 
Phytase Cubic  <.0001 <.0001 <.0001 <.0001 
Xyl*Phy Linear   0.3106 0.1775 0.2715 0.0764 
Xyl*Phy Quadratic   0.8161 0.2583 0.0137 0.0198 
Xyl*Phy Cubic   0.8420 0.1490 0.0078 0.0111 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age  




Table 11. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 14 to 21 days of age in trial 1 
Dietary Variables  Live Parameters 14 to 21 Days 
Xylanase Phytase  BWG Feed Intake FCR3 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg feed/kg gain) 
      
0 0  0.073 0.238 1.371 
0 100  0.164 0.280 1.703 
0 175  0.201 0.347 1.749 
0 250  0.212 0.352 1.671 
0 1,000  0.275 0.434 1.582 
0 1,500  0.288 0.437 1.520 
1,500 0  0.100 0.216 2.535 
1,500 100  0.178 0.330 1.862 
1,500 175  0.200 0.333 1.673 
1,500 250  0.207 0.341 1.647 
1,500 1,000  0.265 0.424 1.605 
1,500 1,500  0.279 0.436 1.568 
SEM   0.0111 0.0139 0.3634 
      
0   0.202 0.348 1.599 
1,500   0.205 0.346 1.815 
SEM   0.0045 0.0057 0.1493 
      
 0  0.087 0.227 1.953 
 100  0.171 0.305 1.783 
 175  0.201 0.340 1.711 
 250  0.209 0.346 1.659 
 1,000  0.270 0.429 1.593 
 1,500  0.284 0.436 1.544 
 SEM  0.0078 0.0098 0.2573 
      
Probabilities     
Xylanase   0.6773 0.8501 0.3102 
Phytase Linear  <.0001 <.0001 0.2953 
Phytase Quadratic  <.0001 <.0001 0.6337 
Phytase Cubic  <.0001 <.0001 0.6028 
Xyl*Phy Linear   0.1397 0.7747 0.4161 
Xyl*Phy Quadratic   0.2833 0.7341 0.2946 
Xyl*Phy Cubic   0.3827 0.6885 0.1942 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age 




Table 12. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 0 to 21 days of age in trial 1 
Dietary Variables  Live Parameters 0 to 21 Days 
Xylanase Phytase  BW BWG Feed Intake FCR3 Livability 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg/bird) (kg feed/kg 
gain) 
(%) 
        
0 0  0.256 0.213 0.454 2.222 27.50 
0 100  0.417 0.375 0.626 1.673 90.00 
0 175  0.481 0.439 0.740 1.694 90.00 
0 250  0.507 0.463 0.760 1.640 94.29 
0 1,000  0.628 0.586 0.912 1.557 97.50 
0 1,500  0.652 0.609 0.930 1.530 100.00 
1,500 0  0.282 0.238 0.528 2.255 15.00 
1,500 100  0.447 0.405 0.695 1.719 87.50 
1,500 175  0.488 0.444 0.730 1.645 100.00 
1,500 250  0.499 0.457 0.743 1.627 97.14 
1,500 1,000  0.620 0.578 0.900 1.556 100.00 
1,500 1,500  0.635 0.593 0.924 1.565 100.00 
SEM   0.0159 0.0158 0.0236 0.0471 4.0592 
        
0   0.490 0.447 0.737 1.719 83.21 
1,500   0.495 0.453 0.753 1.728 83.27 
SEM   0.0065 0.0065 0.0097 0.0193 1.6577 
        
 0  0.269 0.226 0.491 2.239 21.25 
 100  0.432 0.390 0.660 1.696 88.75 
 175  0.485 0.442 0.735 1.670 95.00 
 250  0.503 0.460 0.751 1.634 95.71 
 1,000  0.624 0.582 0.906 1.557 98.75 
 1,500  0.643 0.601 0.927 1.547 100.00 
 SEM  0.0113 0.0112 0.0167 0.0333 2.8703 
        
Probabilities       
Xylanase  0.5902 0.5712 0.2406 0.7519 0.9798 
Phytase Linear  <.0001 <.0001 <.0001 <.0001 <.0001 
Phytase Quadratic  <.0001 <.0001 <.0001 <.0001 <.0001 
Phytase Cubic  <.0001 <.0001 <.0001 <.0001 <.0001 
Xyl*Phy Linear   0.1287 0.1366 0.1218 0.8339 0.5573 
Xyl*Phy Quadratic   0.5812 0.5634 0.1350 0.4945 0.1126 
Xyl*Phy Cubic   0.5138 0.5272 0.1665 0.6341 0.0654 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age  




Table 13. Average body weight of broilers receiving six levels of phytase with or without 
xylanase in trial 2 
Dietary Variables  Body Weight 
Xylanase Phytase  Day 0 Day 7 Day 14 
(EPU/kg) (FTU/kg  (kg/bird) 
      
0 0  0.043 0.100 0.187 
0 100  0.045 0.109 0.234 
0 175  0.044 0.110 0.226 
0 250  0.044 0.108 0.228 
0 1,000  0.045 0.108 0.231 
0 1,500  0.045 0.121 0.265 
1,500 0  0.044 0.102 0.190 
1,500 100  0.045 0.113 0.241 
1,500 175  0.045 0.109 0.232 
1,500 250  0.045 0.108 0.230 
1,500 1,000  0.045 0.116 0.259 
1,500 1,500  0.045 0.114 0.259 
SEM   0.0006 0.0035 0.0087 
      
0   0.044 0.109 0.229 
1,500   0.045 0.110 0.235 
SEM   0.0003 0.0014 0.0036 
      
 0  0.044 0.101 0.189 
 100  0.045 0.111 0.238 
 175  0.044 0.110 0.229 
 250  0.044 0.108 0.229 
 1,000  0.045 0.112 0.245 
 1,500  0.045 0.118 0.262 
 SEM  0.0004 0.0025 0.0062 
      
Probabilities     
Xylanase  0.0978 0.5833 0.1820 
Phytase Linear  0.2369 0.0002 <.0001 
Phytase Quadratic  0.3111 0.8127 0.0780 
Phytase Cubic  0.5395 0.0463 0.0006 
Xyl*Phy Linear   0.5175 0.3915 0.9967 
Xyl*Phy Quadratic   0.8738 0.1192 0.0819 
Xyl*Phy Cubic   0.5450 0.1714 0.3040 
1Values within a column not sharing a common superscript differ (P < 0.05) 





Table 14. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 0 to 7 days of age in trial 2 
Dietary Variables  Live Parameters 0 to 7 Days 
Xylanase Phytase  BWG Feed Intake FCR3 Livability 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg feed/kg gain) (%) 
       
0 0  0.056 0.110 1.970 100.00 
0 100  0.064 0.112 1.769 100.00 
0 175  0.066 0.117 1.801 100.00 
0 250  0.064 0.116 1.830 100.00 
0 1,000  0.063 0.115 1.843 100.00 
0 1,500  0.077 0.125 1.638 100.00 
1,500 0  0.058 0.111 1.931 100.00 
1,500 100  0.068 0.116 1.739 100.00 
1,500 175  0.064 0.116 1.801 100.00 
1,500 250  0.063 0.114 1.817 100.00 
1,500 1,000  0.071 0.120 1.716 100.00 
1,500 1,500  0.069 0.117 1.703 100.00 
SEM   0.0033 0.0031 0.0573 0.0000 
       
0   0.065 0.116 1.809 100.00 
1,500   0.066 0.116 1.785 100.00 
SEM   0.0013 0.0013 0.0234 0.0000 
       
 0  0.057 0.111 1.951 100.00 
 100  0.066 0.114 1.754 100.00 
 175  0.065 0.117 1.801 100.00 
 250  0.064 0.115 1.824 100.00 
 1,000  0.067 0.118 1.780 100.00 
 1,500  0.073 0.121 1.671 100.00 
 SEM  0.0023 0.0022 0.0405 0.0000 
       
Probabilities      
Xylanase   0.7868 0.9023 0.4684 --- 
Phytase Linear  0.0001 0.0037 0.0004 --- 
Phytase Quadratic  0.9514 0.7071 0.9521 --- 
Phytase Cubic  0.0439 0.2150 0.0261 --- 
Xyl*Phy Linear   0.4274 0.2617 0.7414 --- 
Xyl*Phy Quadratic   0.0905 0.1181 0.2173 --- 
Xyl*Phy Cubic   0.1157 0.1596 0.2698 --- 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age 




Table 15. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 7 to 14 days of age in trial 2 
Dietary Variables  Live Parameters 7 to 14 Days 
Xylanase Phytase  BWG Feed Intake FCR3 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg feed/kg gain) 
      
0 0  0.088 0.160 1.834 
0 100  0.125 0.201 1.618 
0 175  0.116 0.198 1.718 
0 250  0.120 0.222 1.869 
0 1,000  0.124 0.200 1.628 
0 1,500  0.144 0.225 1.576 
1,500 0  0.088 0.149 1.736 
1,500 100  0.128 0.203 1.601 
1,500 175  0.123 0.210 1.719 
1,500 250  0.122 0.176 1.464 
1,500 1,000  0.144 0.225 1.553 
1,500 1,500  0.145 0.221 1.538 
SEM   0.0064 0.0118 0.0900 
      
0   0.119 0.201 1.707 
1,500   0.125 0.198 1.602 
SEM   0.0026 0.0048 0.0368 
      
 0  0.088 0.155 1.785 
 100  0.126 0.202 1.609 
 175  0.119 0.204 1.718 
 250  0.121 0.199 1.666 
 1,000  0.134 0.213 1.591 
 1,500  0.144 0.223 1.557 
 SEM  0.0045 0.0083 0.0637 
      
Probabilities     
Xylanase   0.1269 0.6085 0.0462 
Phytase Linear  <.0001 <.0001 0.0234 
Phytase Quadratic  0.0231 0.0528 0.5716 
Phytase Cubic  0.0003 0.0026 0.5475 
Xyl*Phy Linear   0.6327 0.3643 0.6331 
Xyl*Phy Quadratic   0.1255 0.4831 0.4413 
Xyl*Phy Cubic   0.5119 0.1081 0.3207 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age 




Table 16. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 0 to 14 days of age in trial 2 
Dietary Variables  Live Parameters 0 to 14 Days 
Xylanase Phytase  BWG Feed Intake FCR3 Livability 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg feed/kg gain) (%) 
       
0 0  0.144 0.270 1.878 100.00 
0 100  0.189 0.313 1.665 100.00 
0 175  0.182 0.315 1.736 100.00 
0 250  0.184 0.337 1.846 97.50 
0 1,000  0.186 0.315 1.700 100.00 
0 1,500  0.221 0.350 1.597 100.00 
1,500 0  0.146 0.261 1.805 100.00 
1,500 100  0.196 0.320 1.641 100.00 
1,500 175  0.188 0.326 1.742 100.00 
1,500 250  0.185 0.290 1.581 100.00 
1,500 1,000  0.215 0.345 1.604 100.00 
1,500 1,500  0.214 0.338 1.590 100.00 
SEM   0.0086 0.0132 0.0599 0.7565 
       
0   0.184 0.317 1.737 99.58 
1,500   0.191 0.313 1.661 100.00 
SEM   0.0035 0.0054 0.0245 0.3090 
       
 0  0.145 0.265 1.842 100.00 
 100  0.193 0.316 1.653 100.00 
 175  0.185 0.321 1.739 100.00 
 250  0.185 0.314 1.713 98.75 
 1,000  0.201 0.330 1.652 100.00 
 1,500  0.217 0.344 1.594 100.00 
 SEM  0.0061 0.0093 0.0423 0.5352 
       
Probabilities      
Xylanase   0.2139 0.6406 0.0298 0.3432 
Phytase Linear  <.0001 <.0001 0.0009 0.6644 
Phytase Quadratic  0.0841 0.0702 0.5163 0.5216 
Phytase Cubic  0.0005 0.0031 0.1492 0.2216 
Xyl*Phy Linear   0.9591 0.5919 0.6196 0.6644 
Xyl*Phy Quadratic   0.0740 0.3426 0.2426 0.5216 
Xyl*Phy Cubic   0.2744 0.0823 0.5540 0.2216 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age  




Table 17. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 14 to 21 days of age in trial 2 
Dietary Variables  Live Parameters 14 to 21 Days 
Xylanase Phytase  BWG Feed Intake FCR3 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg feed/kg gain) 
      
0 0  0.103 0.192 1.880 
0 100  0.180 0.271 1.510 
0 175  0.169 0.264 1.571 
0 250  0.173 0.264 1.537 
0 1,000  0.190 0.285 1.501 
0 1,500  0.216 0.319 1.483 
1,500 0  0.102 0.183 1.824 
1,500 100  0.159 0.257 1.630 
1,500 175  0.177 0.275 1.558 
1,500 250  0.166 0.266 1.600 
1,500 1,000  0.224 0.321 1.444 
1,500 1,500  0.223 0.314 1.409 
SEM   0.0092 0.0116 0.0383 
      
0   0.172 0.266 1.580 
1,500   0.175 0.269 1.578 
SEM   0.0038 0.0047 0.0156 
      
 0  0.103 0.188 1.852 
 100  0.170 0.264 1.570 
 175  0.173 0.269 1.564 
 250  0.170 0.265 1.568 
 1,000  0.207 0.303 1.473 
 1,500  0.219 0.317 1.446 
 SEM  0.0065 0.0082 0.0271 
      
Probabilities     
Xylanase   0.5353 0.6007 0.9080 
Phytase Linear <.0001 <.0001 <.0001 
Phytase Quadratic <.0001 <.0001 <.0001 
Phytase Cubic <.0001 <.0001 <.0001 
Xyl*Phy Linear  0.0759 0.4107 0.0711 
Xyl*Phy Quadratic  0.1160 0.0379 0.6361 
Xyl*Phy Cubic  0.2393 0.5826 0.1582 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age  




Table 18. Live performance of broilers receiving six levels of phytase with or without xylanase 
from 0 to 21 days of age in trial 2 
Dietary Variables  Live Parameters 0 to 21 Days 
Xylanase Phytase  BW BWG Feed Intake FCR3 Livability 
(EPU/kg) (FTU/kg)  (kg/bird) (kg/bird) (kg/bird) (kg feed/kg 
gain) 
(%) 
        
0 0  0.291 0.247 0.462 1.875 91.43 
0 100  0.414 0.369 0.584 1.587 100.00 
0 175  0.394 0.351 0.579 1.654 100.00 
0 250  0.401 0.357 0.601 1.695 97.50 
0 1,000  0.421 0.376 0.600 1.602 97.14 
0 1,500  0.481 0.436 0.670 1.538 100.00 
1,500 0  0.292 0.248 0.443 1.804 97.50 
1,500 100  0.400 0.355 0.576 1.629 100.00 
1,500 175  0.409 0.364 0.601 1.649 100.00 
1,500 250  0.397 0.352 0.556 1.588 100.00 
1,500 1,000  0.483 0.438 0.667 1.520 100.00 
1,500 1,500  0.481 0.436 0.652 1.497 100.00 
SEM   0.0165 0.0164 0.0222 0.0353 1.6812 
        
0   0.400 0.356 0.583 1.658 97.68 
1,500   0.410 0.366 0.582 1.615 99.58 
SEM   0.0068 0.0067 0.0091 0.0144 1.6867 
        
 0  0.291 0.248 0.453 1.840 94.46 
 100  0.407 0.362 0.580 1.608 100.00 
 175  0.402 0.358 0.590 1.652 100.00 
 250  0.399 0.354 0.578 1.642 98.75 
 1,000  0.452 0.407 0.633 1.561 98.57 
 1,500  0.481 0.436 0.661 1.518 100.00 
 SEM  0.0117 0.0116 0.0157 0.0250 1.1893 
        
Probabilities       
Xylanase  0.2930 0.3177 0.9882 0.0345 0.0533 
Phytase Linear  <.0001 <.0001 <.0001 <.0001 0.1426 
Phytase Quadratic  0.0008 0.0008 0.0017 0.0045 0.3671 
Phytase Cubic  <.0001 <.0001 <.0001 0.0002 0.0074 
Xyl*Phy Linear   0.3184 0.3021 0.4561 0.6029 0.4840 
Xyl*Phy Quadratic   0.0731 0.0694 0.1004 0.4416 0.9987 
Xyl*Phy Cubic   0.2309 0.2177 0.1907 0.7508 0.1319 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age  




Table 19. Tibia criteria of 21-day old broilers in trial 2 
Dietary Variables  Tibia Criteria 
Xylanase Phytase  Tibia Weight Ash Weight Tibia Ash3 
(EPU/kg) (FTU/kg)  (g/bone) (g/bone) (%) 
      
0 0  0.514 0.210 41.00 
0 100  0.715 0.311 43.62 
0 175  0.712 0.316 44.40 
0 250  0.743 0.338 45.53 
0 1,000  0.809 0.393 48.64 
0 1,500  0.955 0.477 50.11 
1,500 0  0.496 0.199 40.04 
1,500 100  0.739 0.304 41.25 
1,500 175  0.742 0.323 43.56 
1,500 250  0.736 0.339 46.08 
1,500 1,000  0.932 0.460 49.31 
1,500 1,500  0.954 0.475 49.83 
SEM   0.0402 0.0183 0.5450 
      
0   0.741 0.341 45.55 
1,500   0.767 0.350 45.01 
SEM   0.0164 0.0075 0.2226 
      
 0  0.505 0.204 40.52 
 100  0.727 0.307 42.44 
 175  0.727 0.320 43.98 
 250  0.740 0.338 45.80 
 1,000  0.871 0.427 48.98 
 1,500  0.954 0.476 49.97 
 SEM  0.0284 0.0129 0.3855 
      
Probabilities     
Xylanase   0.2812 0.3881 0.0900 
Phytase Linear  <.0001 <.0001 <.0001 
Phytase Quadratic  0.0043 0.0002 <.0001 
Phytase Cubic  0.0002 <.0001 <.0001 
Xyl*Phy Linear   0.5045 0.2935 0.1200 
Xyl*Phy Quadratic   0.1150 0.0424 0.0808 
Xyl*Phy Cubic   0.4617 0.3730 0.8524 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age 




Table 20. Phosphorus retention of broilers from 14 to 21 days in trial 2 
Dietary Variables   Phosphorus Retention3 
Xylanase Phytase  Mean 
(EPU/kg) (FTU/kg)  (%) 
    
0 0  -5.94 
0 100  32.53 
0 175  21.19 
0 250  28.71 
0 1,000  33.81 
0 1,500  46.69 
1,500 0    2.01 
1,500 100  16.89 
1,500 175  24.77 
1,500 250  30.47 
1,500 1,000  40.32 
1,500 1,500  51.66 
SEM   4.0066 
    
0   26.17 
1,500   27.69 
SEM   1.6364 
    
 0  -1.97 
 100  24.71 
 175  22.98 
 250  29.59 
 1,000  37.07 
 1,500  49.17 
 SEM  2.8339 
    
Probabilities    
Xylanase   0.5131 
Phytase Linear   <.0001 
Phytase Quadratic   0.0023 
Phytase Cubic   <.0001 
Xyl*Phy Linear    0.2533 
Xyl*Phy Quadratic    0.8476 
Xyl*Phy Cubic    0.3773 
1Values within a column not sharing a common superscript differ (P < 0.05) 
2Values are least square means of 8 replicate pens with 5 broilers per pen at day of age 
3Calculated using the following formula: % P retention = [1 - [(Ti / To) x (Xo / Xi)]] x 100, where 
Ti and To are titanium concentrations in the diet and excreta, respectively, and Xo and Xi are P 




Appendix I. IACUC Letter of Approval 
 
